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A b s t r a c t
T he fragm entation  o f a 133 pps beam  of 14Be ions at 35 M eV /A  on targets o f car­
bon and lead has been used to  stu d y  the structure of the unbound nucleus 13Be. 
N eutrons and 12B e reaction  products were m easured in the D eM oN  array and 
a detector telescope placed at 0° respectively. T hese coincidence m easurem ents 
were used to  reconstruct th e 13B e particles. T he beam  energy was m easured on 
a particle by particle basis from the tim e of flight. T his was essentia l for m om en­
tum  m easurem ents which were m ade in the reference fram e of th e projectile. A  
significant contribution  to  th e experim ental background cam e from  reactions in 
th e detector telescope, w hich had to  be subtracted.
R elative velocity  (arithm etic velocity  difference) and invariant m ass analyses 
b oth  signify the existance o f significant strength  close to  the 12B e -1- n thresh­
old. S im ulations includ ing an experim ental filter clearly show th a t th is includes 
strength  th at is localised  below  500 keV in relative energy.
M om entum  d istributions for 12Be, 10Be, neutrons and th e reconstructed 13Be  
particle in  the longitud inal d irection  have been m easured. T he 13B e distribution  
displays evidence for a two com ponent structure. C alcu lations o f the neutron  
stripp ing from 14Be have show n th at th is structure requires s-wave stripping  
to  explain  th e narrow com ponent. T he wider com ponent is consistent w ith  d- 
wave stripping, and additional contributions from p-wave stripp ing cannot be  
excluded. T he angular d istribution  o f neutrons from 12B e +  n breakup, m easured  
in th e 13B e reference fram e is essentia lly  isotropic. There is evidence for a weak  
asym m etry which could be due to  broad over-lapping sta tes o f b oth  positive and  
negative parity at energies below  2 M eV. T his would support th e inclusion o f a 
p i  resonance in the low -lying structure o f 13Be.
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C h a p t e r  1
I n t r o d u c t i o n
1.1 E x o t i c  nuclei
M any o f the current fields o f interest w ith in  nuclear physics are related  to nuclei at 
th e extrem es o f either m ass, angular m om entum , tem perature, proton or neutron  
num ber. There is an upper lim itin g  value o f neutron num ber for a given elem ent 
where the addition  o f a further neutron w ill not form a bound nucleus. T his  
region o f the nuclear chart is referred to  as the neutron drip-line. A t low m asses, 
nuclei in th e v icin ity  o f th e neutron drip-line tend  to  form internal clusters which  
lead  to  som e extraordinary properties, such as the form ation o f a halo of diffuse 
neutron m atter around a m ore norm al core.
T he work presented here is concerned w ith  those nuclei th a t lie close to the 
neutron drip-line. In th is region the protons and m ost o f th e neutrons cluster 
at the core o f the nucleus w ith  the rem aining neutrons being only weakly bound  
to  th is core. A s the nuclei becom e m ore neutron rich the b inding energy of 
the last nucleons reduces towards zero, such th at the interactions between these  
valence nucleons and the core is greatly  d im inished com pared w ith  stab le nuclei. 
T ypically, halo nuclei have b inding energies for th e last neutron or pair o f neutrons 
o f around 1 M eV or less, w hereas stab le nuclei above m ass 20 typ ically  have a 
binding energy of about 8-8.5 M eV. U nder these conditions, w ith  on ly  very weak
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binding forces influencing the behaviour of the valence neutrons, it is possible  
for them  to quantum  tunnel ou t of the range of the nuclear p oten tia l and into 
the space beyond such th at a large part o f their w ave-function resides outside  
the classical boundary of the nucleus. T his results in a greatly  increased m atter  
radius. For exam ple, the RM S radius o f u Li is approxim ately the sam e as that 
for 48Ca and the to ta l m atter distribution  is sim ilar to 208Pb. Sim ilar phenom ena  
can also be seen at the proton drip-line but the spatia l ex ten t o f the tunnelling  
is suppressed under the influence o f th e Coulom b barrier.
M easurem ents m ade over the last ten to  fifteen years have shown that certain  
exotic  nuclear species have an enlarged to ta l reaction cross-section  which has 
been linked to  a large, diffuse m atter d istribution  for the loosely  bound neutrons. 
T h is suggests a core w hich is believed to  m aintain  norm al nuclear densities and  
properties, surrounded by a diffuse neutron cloud. For th is reason they have 
been term ed ‘halo nucle i’. T hose halo nuclei which contain  two neutrons in their  
halo possess an additional interesting property in th at th ey  can be described as a 
three-body system , where b oth  of the con stitu en t tw o-body system s (i.e. core+n , 
or n + n ) are unbound. T hese tw o-neutron halo nuclei are know n as Borrom ean  
system s [Zhu93]. There are exam ples o f Borrom ean system s in nuclei other than  
halo nuclei such as 9B e, which can be described as tw o alpha particles and a 
neutron, where th e binary subsystem s 8B e and 5He are unbound.
T heoretical m odels o f Borrom ean system s rely on know ledge o f th e location  
and nature o f th e ground sta te  and excited  levels in  the com ponent binary sub­
system s. For th is reason, m easurem ents o f these unbound nuclei are essential to  
th e understanding o f m any of the halo nuclei. It is then  possib le to  m odel the  
unbound and the halo system s as exotic clusters o f core plus valence nucleons.
T hree-body m odels o f nuclei incorporate th e p oten tia ls betw een the three in­
dividual parts. T hese poten tia ls need to  be found experim entally. In the case of 
Borrom ean nuclei, these m easurem ents are com plicated  by th e fact th at none of 
th e binary subsystem s are bound, hence all o f the sta tes lie in th e continuum . For
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a neutron orbiting a core, there m ay be discrete states w ith  zero angular m om en­
tum , called virtual states, w ith in  the continuum  which are favoured. Resonances, 
like virtual sta tes, correspond to preferred energy levels in th e continuum , but 
are created by a poten tia l barrier, either Coulom b or centrifugal.
T he object of th is study is to measure these virtual sta tes  and resonances in 
th e unbound nucleus 13Be so th at the inform ation gathered  from  the m easure­
m ents can be used in three-body m odels o f the Borrom ean halo  nucleus, 14Be. 
P revious m easurem ents o f 13Be, have only poorly defined th e ground sta te  due 
to  the experim ental lim ita tion s of working far from stab ility . W h at is known to  
date is sum m arised below. A dditional direct inform ation ab out the halo of 14B e  
was also obtained  during th is work.
1.2 T h e  t w o - n e u t r o n  h a l o  o f  14B e  a n d  t h e  u n ­
b o u n d  n u c l e u s  13B e
B eryllium , th e fourth elem ent of the periodic table, has six  bound isotopes, of 
which ju st one, 9Be is stab le against both  particle em ission and /5-decay (see figure 
1 .1 ). T he unbound nucleus 8Be, is m ade up o f two alpha particles [Whe37]. 
A dding one neutron produces the stab le nucleus 9Be. T his increased stab ility  
can be explained in term s o f a two centre m olecular m odel where the valence 
neutron o f 9B e binds the two alpha particles in a way analogous to  the electron  
in the m olecule [Abe73], [Oer96]. Sim ilar m olecular structures can be found  
in the excited  sta tes o f 10B e and 12Be, described as a -2 n -a  and a-4n~a  [Fre99] 
respectively. T w o halo nuclei exist in th e isotopes o f beryllium , th e single neutron  
halo o f u Be and the two neutron halo of 14Be.
A number o f experim ents have been perform ed to  stu d y  13 Be. T he results of 
these experim ents are included in Figure 1.2 w ith  a theoretical prediction of the  
sta tes. T he energy levels shown in th is figure are relative energies between 12Be
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Figure 1 .1 : Segre chart for the first six  elem ents, show ing iso top es bound against 
particle em ission. T he isotopes shown in dark boxes are stab le against both  
beta-decay and particle em ission.
core and the neutron. T he line at the b ottom  of the figure is at 0 MeV relative 
energy which is the threshold for neutron em ission.
T he theoretical predictions for the level schem e in figure 1.2 are taken from 
the work of P. D escouvem ont [Des95] using a m icroscopic cluster m odel. Here, 
D escouvem ont has used the known value of the 12B e + n + n  threshold of 14Be to  
find the nucleon-nucleon force which is used in the subsequent calculations of the  
properties o f 13Be. T he m odel is m icroscopic as it uses a 14-body H am iltonian  
and the wave function is antisym m eterized  over the fourteen nucleons. However, 
a cluster form ation w ith  a 12 Be core and two valence neutrons is used to define 
the geom etry o f the nucleus. T he localisation  o f these clusters is defined by 
generator coordinates (see chapter 2). T hese calcu lations predict a d |  sta te  at 
the energy o f a m easured sta te  (2 M eV ), and also suggest a lower lying s i state, 
which was also predicted in calcu lations m ade by Lenske and published together  
w ith  the experim ental results of O strowski [Ost92]. T he w id th  of the sta te  at 
2 M eV is thought to be constrained by an I  =  2 centrifugal barrier which inhibits
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Figure 1.2: Level schem e for 13 Be
the neutron decay and hence the w idth. A spin and parity assignm ent of | + 
is assum ed. A s w ith  an earlier calcu lation  by D escouvem ont [Des94] which was 
fitted  using the energy o f the supposed | + sta te  in 13B e, the ground sta te  is 
predicted to  be J77 =  in which the £= 0  neutron is ju st bound.
A more recent calcu lation  o f the structure of 14Be and 13Be was m ade by 
Labiche et al [Lab99b], using a three-body m odel devised  by V inh Mau and 
Pacheco [Vin96]. T his showed th at, assum ing an s i  neutron in the ground state  
of l3Be, the binding energy o f 14B e could only be reproduced by either m aking 
13B e bound or by reducing the energy of the measured ds s ta te  in 13Be. However, 
if the ground sta te  configuration o f 13Be was assum ed to have an unpaired neutron  
in the p i  level and two neutrons in the sd-shell, then the calcu lation  could produce 
results in good agreem ent w ith  the measured binding energy of 14Be (1.29 MeV
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com pared w ith 1 .34± 0 .11  M eV). T his m eans th at the ground sta te  o f 13Be would  
be a T  =  resonance.
T he first experim ental evidence of 13Be was recorded in 1983 [Ale83] when  
it was the unobserved particle in the tw o-body reaction 14C (7Li,8B) at 82 MeV  
perform ed at the K urchatov In stitu te of A tom ic Energy, M oscow. S tates in 13Be 
were m anifested as peaks in the 8B k inetic energy spectrum . T he 14C target 
was enriched to 75-80%, w ith  the 12C com ponent o f the y ield  being  quantified  
by perform ing the sam e m easurem ent but w ith  a pure 12C target. A  peak was 
observed in the spectrum  of the m easured 8B ions w ith  the 14C target which  
was not apparent w ith  the 12 C target and th is was interpreted as being due to  
th e ground sta te  of 13Be. T he energy calibration was perform ed from  the known 
sta tes o f u Be as observed in the L2C (7Li,8B )n Be reaction and from known states  
in 10Be from the sam e reaction but w ith  a 6Li beam .
T he tw o-proton stripping, one-neutron pick-up reaction em ployed in the above 
experim ent has a very low cross-section. Hence, the sta tistics were naturally  very 
low  and this, together w ith  the background, lim ited  the inform ation  which could  
be obtained.
A  later experim ent was perform ed by O strow ski et al [Ost92] using the double- 
charge exchange reaction 13C (14C ,i40 )  at E =  337 M eV at HM I, Berlin. A 98% 
enriched 13 C target was used for the reaction experim ent w ith  calibration mea­
surem ents being taken from a natural carbon target to  quantify th e background  
from reactions on 12C and for the energy calibration. Isotop ic selection  for the  
14O was made using a m agnetic spectrograph in conjunction  w ith  a detector at 
its  focal plane.
T he spectrum  for 140  at the focal plane as shown in figure 1.3 reveals two 
sta tes, one at 2.01 M eV and the other at 5.13 M eV (w ith a p ossib le third state  
at 8.5 M eV). After subtraction  of the experim ental resolution, an intrinsic w idth  
of T =  0.3(2) M eV was assigned to  the low est state. T his w id th  is consistent 
w ith  either a £  =  2 o r £  =  l  neutron decay, but cannot be associated  w ith  an
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Figure 1.3: T he I40  spectrum  from the (14C, 140 )  reaction on 12C (upper frame) 
and 13C (lower frame) at 337 M eV and 5.0°. T he background due to  reactions 
on the 12C in the 13C target (about 1 cou n t/ch ann el) has been rem oved from the 
upper spectrum . Figure taken from[Ost92]
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I  =  0 sta te , which would give a much broader peak. T his supports the theoretical 
5 /2 + assignm ent for th is sta te  based on the excitation  energy (although 1 /2 “ is 
also allow ed). O strowski noted in his paper th at the predicted  low -lying l / 2 + 
sta te  was likely not observed due to  low sta tistics and a low  cross-section for 
p opu latin g  the 2s i/2 neutron shell in m ulti-nucleon transfer experim ents at high  
energies. H eavy ion nucleon transfer reactions w ith  large negative Q -values favour 
the popu lation  o f higher angular m om entum  sta tes as m ay be seen for exam ple  
from  the kinem atic m atch ing conditions given by Brink [Bri72].
T he first radioactive beam  experim ent to  study 13B e w as performed at the 
R IPS facility  at R IK EN  using a secondary 12Be beam  [Kor95]. A  (d,p) transfer 
reaction at 55 M eV /A  in inverse kinem atics was studied  using both  the m iss­
ing m ass m ethod, from the detected  proton spectrum , and invariant m ass spec­
troscopy, from the m easurem ent of all the decay products from the unbound  
sta te . T he protons were detected  in telescopes of sem i-conductor detectors al­
low ing position , energy and energy loss m easurem ents. Charged fragm ents were 
analysed in a d ipole m agnet and detected  in a drift cham ber and hodoscope of-ir\
plastic  scintillators. N eutrons were detected^‘neutron w a lls’ m ade up of six  layers 
of p lastic  scintillators.
C ontributions in th e proton spectrum  (shown in figure 1.4) from reactions on 
th e carbon in the C D 2 target were taken into account by perform ing an experi­
m ent on a 12C target. A  large com ponent o f th e final spectrum  at low energies 
was from spurious protons from the target. T hese had the effect o f m asking any 
structure below  the 2 M eV sta te  in 13Be. However, the 2 M eV  sta te  was seen  
along w ith  three higher excited  states.
A  further stab le beam  m ulti-nucleon transfer experim ent, perform ed at D ubna  
using 14C (11B ,12N) at E =  190 M eV gave much more deta il about states in 13Be 
[Bel98]. Again, a carbon target enriched w ith  14C was used and the background  
from reactions on 12C and 160  were m easured by running experim ents w ith  these  
targets in a sim ilar way to  the experim ents described above. T he 12N reaction
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Figure 1.4: T he proton spectrum  as a function of relative energy in the n +  12Be  
system  from the reaction C D 2(12Be,p) (solid histogram ) and C (12Be,p) (dotted  
histogram ). Figure taken from [Kor95].
product was detected  at the focal plane o f the M SP-144 spectrograph [Bas75] 
and selected  using gates on p osition  at the end of the spectrograph, energy loss 
and residual energy.
T his experim ent suffered from low cross-sections for p opu latin g  low angular 
m om entum  sta tes and a large background from 12C. F igure 1.5 shows the m ea­
sured spectrum  w ith  the 14C target (top panel), the contributions from the 12C 
and 160  contam inants in the target (centre panel) and th e final spectrum  after 
subtraction  (lower panel). A peak in the final spectrum , w hich was attributed  to  
the ground sta te , was observed at 0 .80(9) M eV, which im plies th a t th is nucleus 
is on ly  m arginally unbound. However, the sta tistics in th is part o f the spectrum  
are poor, the background is relatively high, and the precise energy and w idth
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Figure 1.5: 12N spectra from the 14C (n B ,12N )13Be reaction. T he upper panel 
show s the raw spectrum  and the estim ated  im purity contribution . T he target 
im purity spectra have been norm alised to the am ount o f 12C and 160  adm ixtures 
in th e target and are shown as negative counts. In the lower panel, the exper­
im ental spectrum  after background subtraction  is presented by the histogram . 
T he fitted spectral com ponents as well as a sum  of three-body continuum  for 
12N + 12Be-+n and breakup 13N* —>12N + n  are shown by the full lines. A sterisks 
denote the sum  of fitted com ponents shown by full lines. T he dashed line is a 
four-particle phase space background calculation . Figure taken from [Bel98].
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Figure 1.6: R elative velocity  spectrum  for the decay of 13Be along the beam axis 
follow ing its production in 180  fragm entation. The solid and dot-dashed lines are 
s-wave and d-wave com ponent fits to the data. Figure taken from [Tho97].
o f the ground sta te  is not very well defined. T he other peaks in figure 1.5 are 
labelled  w ith  their excita tion  energy relative to the supposed ground state.
A recent experim ent has been performed at M ichigan S ta te  U niversity (M SU) 
by M .T hoennessen  and collaborators [Tho97] using sequential neutron decay  
spectroscopy to  study 13Be following the fragm entation of 180  at 80 M eV /A . 
T he fragm ents o f interest were separated from the beam  using a dipole m agnet 
and were subsequently identified in a A E -E  telescope, allow ing the selection of 
12Be fragm ents. T he neutrons were detected  at 0° and the angular acceptance of 
for neutron detection  was lim ited  to ±  4.5° about this axis. B y m easurem ent of 
the energy o f the fragm ent and the neutron, T hoennessen was able to calculate  
the relative velocity  (vn e u t r o n - v f r a g m e n t )  in the mean beam  direction  . T he relative 
velocity  of the com posite system  shows a central peak (see figure 1 .6). This could  
be due to the decay from the ground sta te  of 13Be to the ground state of 12Be 
via the em ission of an 1=0 neutron. T he low relative energy betw een the neutron
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and the 12Be ion is ind icative of a near threshold decay, and theoretically , such a 
low  sta te  is expected  to  have t  =  0 structure in the m odels o f D escouvem ont. In 
principle, it is also possib le th a t th is peak corresponds to  the sta te  in  13Be around  
2 M eV decaying to  th e 2.1 M eV sta te  in 12Be, which would also produce a low  
relative velocity. T hese two scenarios could be separated by m easuring 7 -rays in 
coincidence w ith  the charged particles and neutrons.
A m ajor lim ita tion  w ith  the above technique is the large num ber of addi­
tion a l neutrons which are produced in a fragm entation reaction  but have no final 
sta te  interaction  w ith  the 12Be fragm ent. T hese neutrons cou ld  be m easured in 
coincidence w ith  the heavy ion fragm ents o f interest.
R eturning to  the sum m ary o f the experim ental inform ation  in figure 1.2, there 
is a reassuring level o f consistency betw een experim ents as show n by the energy 
levels around 2 M eV and 5 M eV. There is still a paucity o f evidence for the other 
levels. Specifically the ground sta te  has not been well defined experim entally, 
and there are no firm spin and parity assignm ents for any o f th e  sta tes in this 
nucleus.
1.3 E x p e r i m e n t s  w i t h  s e c o n d a r y  r a d ioactive ion 
b e a m s
N uclei far from stab ility  are difficult to  produce and study. M ost o f th e nuclei 
which can be produced by com binations o f stab le beam s and targets have now  
been studied, but there are m any more which cannot be produced in observable 
quantities v ia  conventional m ethods. To use unstable nuclei in  reactions, they  
first need to be produced in a earlier nuclear reaction and th en  transported  to  a 
secondary reaction target.
T his m ethod  for stu d yin g  exotic  nuclei has been em ployed in heavy ion beam  
laboratories around the world. However, there rem ain som e problem s associated
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w ith  secondary radioactive ion beam s. T he first problem  is th e reduction in 
in tensity  w hen m oving from stab le to  radioactive beam s. Generally, the m ost 
exotic  nuclei are produced w ith  very low cross-sections com pared to other species 
closer to  stability. W hen the nuclei which are not required have been removed  
from the beam  it is typical to  have beam s of betw een a few thousand  and just 
a few particles per second for the more exotic nuclei. T h is m eans th at som e 
reactions (e.g. transfer reactions) are very difficult w ith  rad ioactive beam s. High 
cross-section  reactions are required to gain inform ation from radioactive beam  
experim ents, which m ay still suffer from poor sta tistics. T h e optical qualities, 
including beam  sp ot size and angular divergence, of rad ioactive beam s are also 
typ ica lly  much poorer than  for stab le beam s.
M ethods for separating isotopes using arrangem ents o f m agn etic  dipoles com ­
m only m ean th at there are im purities along w ith  the iso top e o f interest in a 
radioactive beam . T his can produce a significant background unless there is 
som e m ethod  for identify ing isotopes on a particle-by-particle basis.
R eaction  products from the prim ary production reaction w ill have som e spread  
in b oth  energy and em ittan ce angle. Selection  in beam  energy and angle can  
be m ade either m agnetica lly  or m echanically, by placing s lits  in  th e path of the  
beam , however, both  o f these m eth ods w ill also reduce th e already weak beam . If 
tracking detectors are placed in the path  o f the beam  it is p ossib le to  com pensate  
for the poor optical qualities o f the radioactive beam  off-line. Ideally, experim ents 
are performed w ith  only th e reaction target in the path  o f th e beam  as any other 
m atter will produce background reactions, but com prom ises, such as tracking  
detectors, are necessary to  produce m eaningful results w ith  reasonable statistics  
when working at the drip-lines. Precise beam  particle identification  also requires 
a passing detector which is capable o f resolving energy losses o f different ions as 
well as tracking detectors to  be placed before the target.
In the experim ent described below, the heavier reaction product (12Be) is 
em itted  from the secondary reaction of the radioactive 14B e beam  in a sm all
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forward facing cone in the laboratory frame. Very sm all d eviations from that 
o f the beam  particle need to be resolved if the analysis is to  be successful. T he  
position  and angle o f each particle before the reaction needs to  be accurately  
m easured as well as those o f the final particles. T he correlations between the  
final particles are very sensitive to b oth  energy and angle w hich also need to be 
known precisely. T his requires very careful calibrations of the detectors both  in 
front o f the target and after it. T hese calibrations form a significant portion of 
the perform ance and analysis of the experim ent.
1.4 C h o i c e  of rea c t i o n  to p r o d u c e  13B e
Previous m easurem ents o f 13Be suffered from reaction m echanism s which did not 
strongly  or selectively  populate the ground state. M ulti-nucleon transfer reac­
tions, for exam ple, rely on good  angular m om entum  m atching. T hose reactions 
used previously had very negative reaction Q -values and did not couple well to  
zero angular m om entum  final states, such as th at expected  in the case of the  
ground sta te  o f 13Be. Thus, none o f the m ultinucleon transfer stud ies were ap­
propriate to  study a | + ground state .
T he various m ultinucleon reactions each involved adding neutrons to  the ini­
tia l target nucleus. If the ground sta te  o f 13B e is a resonance, as predicted by 
Labiche, it w ill only be populated  by such reactions where the in itia l nucleus has 
a gap in the p i neutron level. T he experim ents at the K urchatov in stitu te  and at 
D ubna used the N  — 8 nucleus 14C to  produce 13Be. T he p i neutron level is full 
in the ground sta te  o f th is nucleus such th at an additional neutron w ill be placed  
in the sd-shell. However, the experim ent at HMI used a 13C target which has 7 
neutrons. It is possib le in th is reaction to  place the two additional neutrons in  
the sd-shell, leaving a gap in the p i  level producing the predicted resonance. 
T he situation  for the R IK EN  experim ent is com plicated by th e ( 2 s i )2 intruder 
com ponent in 12Be [NavOO] which would allow for population  o f a sta te  in
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13Be, but the background at low energies in th is experim ent m eans that even if  
it was p opu lated  it was not observed.
If the ground sta te  o f 14Be has a halo, which is im plied by its interaction  
cross-section  [Suz98], a large ( s i )2 com ponent for neutrons could be expected. 
T hom pson  and Zhukov [Tho96] perform ed a calculation  using a three body m odel 
where the 12Be core was assum ed to  be inert. In this calcu lation , the energy and 
strength  of the s-wave virtual sta te  and the energy of the d-wave neutron sta te  
in 13Be were adjusted in order to  reproduce-the binding energy o f 14Be w ith  the  
ground sta te  o f 13B e unbound. T w o of the potentia ls obtained from this fitting  
show a large ( s i )2 neutron com ponent for th e 14Be ground sta te  (83% and 86%). 
However, these p oten tia ls lead either to  13B e being bound or to  underbinding in  
the 14B e ground state . A  further two poten tia ls were calculated  w ith  only 29% 
and 1% ( s i )2 com ponent which reproduce the fitted quantities reasonably well, 
but also underbind 14Be.
If we believe th at there is a considerable ( s i )2 neutron com ponent in the 14Be  
ground sta te , then  rem oving one valence neutron from a beam  of 14Be should  
result in a large probability  o f producing 13B e in the expected  ground state con­
figuration. T h is approach was therefore adopted to  probe the 13B e ground sta te . 
A s 14Be is a /5-unstable nucleus, it was necessary to  use a radioactive ion beam . 
Targets o f carbon and lead were used to  h ighlight the nuclear and electrom agnetic  
(i.e. Coulom b) d issociation  o f 14B e respectively.
C h a p t e r  2
T h e o r y
2.1 M o d e l s  of n u c l e a r  s t r u c t u r e
Various nuclear structure theories have been developed to  describe different prop­
erties o f nuclei. Som e o f the behaviour of nuclei such as co llective rotation or vi­
bration  can m ost easily  be understood by looking at the g lobal properties of the  
nucleus. C om m only the nucleus is m odelled  as a rigid rotor or as a liquid drop 
w hen stu d yin g  these types of properties. An alternative approach is to study the  
quantised single particle levels o f nucleons in a m ean field potentia l. T hese can  
b e ca lcu lated , for exam ple, using the spherical shell m odel.
C ollective and single particle m odels have been used to  describe m ost o f the  
properties m easured in nuclei to date. However, a shell m odel calculation  w ith  all 
levels active requires extensive com putation , especially  for heavy nuclei, unless 
restrictions are placed on the m odel. A ll m odels include approxim ations which  
m ay m ean th at each is not necessarily the best prescription for understanding  
certain  properties o f a nucleus. A t the drip-lines and wherever clusterization  
o f nucleons prevails, different assum ptions becom ing relevant in nuclear m odels. 
Here, m any-body or cluster m odels have been developed as alternatives to  the  
m ore trad ition al form alism s. T he basic principles behind collective and single­
particle m odels are described below  as well as som e of th e m ethods which are
16
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becom ing more com m on for exotic  nuclei.
2.1.1 The liquid-drop model
T here are a number o f basic observations about nuclei which lead us to the  
idea th at th ey  can be described by their global properties, or specifically, can  
be m odelled  in an analogous way to  a drop of liquid. N uclei are very sm all (of 
th e order 10~14 m in diam eter) com pared to the size of th e atom  (of the order 
10~10 m in d iam eter). T he strong force which holds the nucleons in the nucleus 
together has only exceed ingly  sm all effects on atom ic properties, so it is clear 
th a t it m ust be a short-range force. Furthermore, the basic properties of mirror 
nuclei (i.e. pairs of nuclei w ith  th e sam e m ass num ber but w ith  the numbers 
of neutrons and protons interchanged) indicate that neutrons and protons are 
equivalent according to th is force. Specifically, the m asses, spins and parities and  
energy levels o f mirror nuclei are closely sim ilar, show ing th a t the force between  
Deleons., disregarding the Coulom b part, is essentially  charge independent.
From these observations and th e trends in m ass and size which have been  
m easured for nuclei across the w hole periodic table, it is possib le to  construct 
a form ula for describing binding energies in nuclei. T his is known as the sem i- 
em pirical m ass formula, which gives the b inding energy of a nucleus as:
B .E .  =  avA  -  asA 2' 3 -  acZ { Z  -  l ) ^ 3 -  asyJ A  +  <5 (2.1 )
A.
where: av =  volum e term , as =  surface term , ac =  C oulom b term , asym =  sym ­
m etry term  and S =  pairing energy [Kra88b]
T he volum e term  is due to  th e short range strong nuclear force which each 
nucleon experiences as a result o f all the other nearby nucleons. T his is largely  
charge independent. T his effect is reduced at the surface o f the nucleus where 
each nucleon has less neighbours, g iv ing  rise to  th e surface term .
T he C oulom b term  is caused by the charge of the nucleus actin g  on the protons 
w ith in  the nucleus-. For light nuclei, the m ost stab le isotopes are around N = Z .
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As we progress up the Segre chart, nuclei require more neutrons than protons to 
be stab le, as the long range, repulsive Coulom b force dom inates for protons over 
the attractive, short range, strong force. Hence, protons on opposite sides of a 
large nucleus w ill repel each other because of the Coulom b force, but they are too  
far apart to attract each other v ia  the strong force. T his requirem ent for extra  
neutrons is described in the Coulom b term  and the extra b ind ing found for light 
nuclei w ith  equal num bers o f protons and neutrons is described by the sym m etry  
term.
T he m ost stab le nuclei are those w ith  even numbers o f protons and neutrons. 
T his im plies th a t the strong force has a com ponent which is dependent on whether 
each individual nucleon is paired w ith  a sim ilar nucleon. T h is property of the 
nuclear strong force becom es critical in defining which nuclei are bound, close to  
th e neutron drip-line. T he staggering in nuclei in th is region, where a nucleus 
w ith  an odd num ber o f neutrons is unbound whereas the n ext isotope, w ith  an 
even num ber o f neutrons, is bound can be seen in figure 1.1. T his is a clear 
ind ication  of th e  im portant role o f the pairing force in drip-line nuclei which will 
be discussed in m ore deta il in section  2.2.2.
It can be seen from th e sem i-em pirical m ass form ula th at spontaneous neutron  
em ission  w ill occur w hen the sym m etry term  dom inates over th e volum e term, 
th a t is to  say, th a t th e reduction in binding due to the excess o f neutrons dom i­
nates over the cum ulative b inding o f the individual nucleons. However, it is the 
C oulom b term  w hich is critical for proton em ission. Hence, th e proton drip-line 
lies much closer to th e valley of stab ility  than the neutron drip-line [Woo97].
2.1.2 The nuclear shell model
In atom ic physics, a shell m odel for the orbits o f the electrons proved successful 
at accounting for th e sharp departures from sm ooth  trends in the ionisation  
energies, that is the energy required to  remove an electron from  an atom . A tom ic  
electrons fill quantum  levels th a t are separated both  energetically  and spatia lly
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in to groups o f levels known as shells. T he ionisation  energy o f the atom  increases 
quite sm ooth ly  as each shell fills, but at certain ‘m agic’ num bers, 2, 10, 18 etc., 
all the electrons are placed in closed shells and a sharp increase in the ionisation  
energy is seen.
S im ilar properties can be m easured in atom ic nuclei [Hey94, Kra88c]. If one 
m easures ground sta te  m asses o f nuclei and subtracts th a t calculated  from the  
sem i-em pirical m ass form ula shown above, at certain neutron and proton numbers 
there are large d iscontinuities. T hese are at the nuclear m agic numbers; 2, 8, 20, 
28, 50, 82, 126. T he explanation  for th is property com es from  a description of 
neutron or proton m otion  w ith in  nuclear shells in analogy w ith  atom ic electrons. 
O ther evidence com es from neutron separation energies w hich increase sharply  
at shell closures and from the large excita tion  energies o f the first excited state  
in even-even nuclei.
To calcu late shell m odel energy levels, first one has to  decide upon a potential 
for th e m ean field w ith in  which th e nucleons move. A form  w hich is com m only  
used for the p oten tia l in shell m odel calculations is the W oods-Saxon:
(2'2>
where R  is the radius of the nucleus and a gives the skin  thickness (typically  
0.524 fm ). In order to  reproduce the m agic numbers successfully  we need to add 
a sp in-orbit term  to  th is p otentia l. T his term  describes th e coupling between the  
in trinsic angular m om entum , s o f a nucleon and its orbital angular m om entum , 
L  T he m ean field p oten tia l now takes the form:
K W - i + « f a % / . r K -(r)c* <2-31
w ith  the scalar product L s  being the dom inant factor in th e reordering o f the 
sta tes.
W ith in  the shell m odel, it is the properties of the nucleons outside filled shells,
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Figure 2.1: Shell model energy levels calculated from the potential of equation 2.3. 
The magic numbers are shown in circles and the occupancies of each state (2j 4 * 1) 
are shown along the rjcjht -hand side. [Kra8 8 c]
or in the limit, the single unpaired nucleon, which determines the nature of the 
whole nucleus.
2 .1 .3  S h e ll s tr u c tu r e  a t th e  n e u tr o n  d r ip -lin e
As we move closer to the neutron drip-line, most of the nucleons become clus­
tered in the core of the nucleus and the effect of the pairing energy between the 
remaining valence neutrons becomes more crucial to the nuclear structure. Ad­
ditionally, nuclei far from stability, especially those close to the drip-lines, are 
very weakly bound. This condition favours low angular momentum configura­
tions where there is little or no centrifugal repulsion. This can cause low angular 
momentum states to fall lower in energy than the higher angular momentum ones 
which are predicted from the simple shell model. These low angular momentum 
‘intruder’ states can be observed in very neutron rich nuclei and are essential 
to the formation of nuclear haloes, where a centrifugal barrier would otherwise 
restrict the spatial extension of the nucleus. Hence, close to the neutron drip-
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line the ordering of shell-model states is changed. This particularly manifests 
itself in the new evidence for the disappearance of the N =  8 magic number and 
the appearance of a new neutron magic number at N =  16 close to the neutron 
drip-line.
Figure 2.2: Results from an experiment to measure core excitation in n Be via 
the reaction (n Be, 10Be n 7 ). Figure taken from [AumOO].
Conclusive evidence for an s-wave intruder state in 11 Be was shown in an 
experiment performed at the National Superconducting Cyclotron Laboratory 
(NSCL) at Michigan State University (MSU). Coincident measurements of 7 - 
rays, the 10Be core and a neutron from the breakup of n Be on a target of 9Be 
at 60 MeV/A [AumOO] were made to measure the amount of core excitation in 
the ground state wavefunction of 11 Be. The 7 -rays emitted by the 10Be core after 
one neutron removal clearly identify the state in which it has been left after the 
reaction. Figure 2 .2  shows the Doppler-corrected 7 -ray spectrum measured in
>
2000 4000 6000 
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coincidence with 10Be fragments. Four 7 -ray transitions in 10Be (shown in the 
inset level scheme and by arrows in figure 2 .2 ) were used to interpret the level 
scheme. The solid curve is a fit to the experimental spectrum (black error bars) 
and contains the sum of the simulated response functions (grey curves) for the 
four 7  energies indicated by arrows and a background parameterisation (dashed- 
dotted curve). The experimental spectrum after subtraction of the simulations 
for the four 7  lines is shown by the error bars. The absolute 7  energies in MeV and 
intensities (percent after correction for acceptance) for the observed transitions 
are 2.59(2.4), 2.89(9.1), 3.37(17.6), and 5.96(4.2).
As a light target was used, Coulomb effects were assumed to be negligible 
and the final state of the core is then a direct reflection of its initial state. By 
gating on events where the 10Be is left in its ground state and projecting out the 
momentum distributions it was shown tha t the events which resulted in a 10Be 
particle in its ground state were associated with an s-wave neutron. The naive 
shell-model as shown in figure 2.1 predicts tha t the last unpaired neutron in 11 Be 
would be in the pi orbital. However, this measurement shows tha t the ground 
state of n Be is dominated by an s-wave single-particle configuration with just a 
small d-wave admixture.
It could be expected that the neutrons in 12Be should fill the p-shell, making 
• it singly-magic. However, the intruder state in the neighbouring isotope n Be and 
the trend for the s i orbital to decrease in energy with increasing neutron number 
for low mass nuclei suggest tha t the 0 + ground state may not be due to a pure 
(d | ) 2 configuration. To resolve this question, a similar measurement to the one 
mentioned above for u Be was performed. The single neutron removal from a 
secondary beam of 12Be [NavOO], also a t the NSCL, was used to study the ground 
state configuration of this N =  8  nucleus.
The coincident 7 -rays showed that two thirds of the cross-section left the 
residual n Be in its ground-state. This indicates that the 12Be ground state has 
a large si intruder state component. This means that 12Be is not magic and was
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interpreted as the ‘breakdown of the N =  8 shell closure’.
This result is supported by the measurement of the quadruple deformation of 
I2Be using the inelastic scattering of protons at RIKEN [IwaOO]. A relatively large 
deformation length of 2.00(23) fm was measured for 12Be. A deformation length 
of 1.80(0.25) fm was measured for 10Be during the same experiment which is in 
good agreement with previous proton scattering studies of this isotope [Aut70]. 
The trend in the neutron rich beryllium isotopes is towards large quadrupole 
deformation. This includes 12Be, which would be expected to be more spherical if 
the N =  8  shell gap persisted. This conclusion is supported by the theoretical work 
in this paper. Calculations of the deformation length were performed assuming 
no reduction in energy for the single particle s i orbital (Ae2si /2  =  0 .0  MeV) 
and again for a reduction of 3.41 MeV (Ae2s l/ 2 =  -3.41 MeV). Although the 
first condition, Ae2si/ 2 =  0.0 MeV, adequately reproduced the 10Be experimental 
results, it resulted in a considerable underestimation of the deformation length 
for 12Be. However, the second condition, (Ae2si / 2 =  -3.41 MeV), which implies 
a large sd-shell admixture, resolves this discrepancy. This sd-admixture means 
tha t the shell-structure is broken and that the N =  8 shell closure is not present 
for 12Be.
A different technique was used to look at the close vicinity of the ls i  and Opi 
orbitals in the ground state wave function of 11Li [Sim99]. A secondary beam 
of 11 Li was produced at the fragment separator (FRS) at GSI and broken up on 
a carbon target. The 9Li core and neutrons from the breakup were detected in 
coincidence and the momentum distribution of 10Li was reconstructed from the 
measured energies and angles of these fragments (this method will be described in 
depth later in this chapter). The resulting momentum distribution was explained 
using calculations for ( l s i )  and single particle momentum distribu­
tions. The best fit to the data was with a 45% contribution from the ( i s i )  
configuration. The angular correlations analysis shows asymmetry which sug­
gests interference between states of different parity, which in turn supports the
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conclusion of the momentum distribution analysis. Again, the l s i  orbital forms 
a significant contribution to the ground state of this light neutron rich nucleus.
A systematic study of one neutron separation energies and interaction cross- 
sections for reactions on a carbon target, for low mass nuclei, by Ozawa and 
co-workers [OzaOO] shows how neutron magic numbers are changed by proximity 
to the neutron drip-line. The characteristic decrease in the separation energy for 
a nucleus with one neutron outside a closed shell is clearly seen for nuclei close to 
stability for both N =  8 and N =  20. However, these signatures are lost close to 
the neutron drip-line and a new dependence appears for N =  16, signalling the 
appearance of a new magic number. A sharp increase in the interaction cross- 
section for nitrogen, oxygen and fluorine isotopes from N =  14 to N =  15 was 
seen. This discontinuity is not seen for the next three elements. According to the
authors, this behaviour implies tha t the location of the si orbital relative to the
2
d |  and d |  orbitals changes. For nitrogen, oxygen and fluorine isotopes, the s i 
orbital is located close to the d |  orbital, whereas for lighter elements it is closer
to the ds orbital.
2
2 .2  H a lo  n u c le i
2 .2 .1  H o w  b ig  is a  h a lo?
At present, it is only possible to reach the neutron drip-line experimentally for 
very light nuclei. This is due to the divergence of the neutron drip-line from the 
valley of stability as mass number increases. Combinations of beams and targets 
to produce these very neutron rich nuclei become increasingly hard to find. Even 
with the use of radioactive beams, the experimental limitations for making nuclei 
on the neutron drip-line for heavier elements are currently too great. A number 
of halo nuclei have been found close to the neutron drip-line for nuclei up to mass 
nineteen (viz. 19C).
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Figure 2.3: One neutron separation energies for light nuclei (in MeV). The stable 
nuclei are shown in dark squares with dark writing and the one neutron halo 
nuclei are in black squares with white writing.
Close to the drip-lines the last nucleons are very weakly bound. This is 
illustrated in Figure 2.3 showing the binding energy of the last neutron for nuclei 
up to and including carbon (calculated from mass differences taken from [Fir96]).
Any nucleus with low last nucleon separation energy, below about 2 MeV (c.f. 
typical binding energy of stable nuclei of 8 MeV/A), is a candidate for a one 
neutron halo. However, there are other factors which have to be taken into 
account some of which are discussed below. For a nucleus to fall within the 
description of a halo system, it must also form a highly clusterized system with 
just a few nucleons residing outside a normal density core causing an unusually 
large total m atter distribution.
A good overall representation of the measured sizes of most nuclei can be 
obtained in terms of a homogeneous sphere of radius:
R =  r0A 1/3- (2.4)
where R  is defined as the half point of the diffuse surface of the Wood-Saxon 
potential and r 0 «  1.2 fm [Kra8 8 b].
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Figure 2.4: RMS radii for all of the bound isotopes of beryllium from interac­
tion cross-section measurements at 800 MeV/A. Data taken from [Tan8 8 ] except 
for 11 Be and 14Be which are the corrected values by Al-Khalili, Tostevin and 
Thompson [Alk96]. Best fit RoA^ trendline is shown as a dotted line.
It is possible to infer the actual radius of a nucleus from its measured total 
interaction cross-section. During the mid-1980’s, Tanihata et al [Tan85a] discov­
ered that certain nuclei close to the neutron drip-line have unexpectedly large 
interaction cross-sections compared with neighbouring nuclei, which directly re­
lates to the extended m atter distributions for these nuclei. These nuclei, termed 
‘halo nuclei’ all have very low neutron separation energies.
An example of a halo nucleus can be seen in the case of 11 Be, which has a neu­
tron separation energy of only 0.504(6) MeV. Figure 2.4 shows the change in ra­
dius for different isotopes of beryllium with mass number. A line for r  =  R0A7 3 
is shown which is adjusted to best describe the trend in radii across the elemen­
tal group (Rq =  1.15 was used here). This line does not describe these radii
1-------1-------1-------1-------1------ 1------ 1-------r
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-  R0 A,/3 trendline
  .......
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particularly well as these light nuclei do not obey the A 1//3 rule due to the de­
gree of clustering present. It was discussed earlier in section 1 .2  how 9Be and 
the excited states of heavier beryllium isotopes are formed from a two-centre po­
tential, produced by two a-particles, with valence neutrons. Likewise, 7Be is a 
highly clustered system comprising of an a  and a 3He particle [Kub72]. With 
these types of cluster structures, a homogenous sphere analogy is no longer valid. 
However, the largest departure from the A 1! 3 curve is seen for 11 Be, which lies 
considerably above the trendline.
Figure 2.5: Two neutron separation energies for light nuclei (in MeV). The two 
and four neutron halo/skin systems have the lightest shading
The extended tail of the m atter distribution for one-neutron halo nuclei, such 
as 11 Be, is due to the low binding energy of the last neutron. If the neutron 
is in a low relative angular momentum state, it experiences a potential barrier 
which is considerably lower than that for a stable nucleus. This enables the 
neutron to tunnel a significant distance into the area outside the range of the 
nuclear potential without being emitted. This kind of behaviour has no analogy 
in classical physics. If these systems are really comprised of a core nucleus with 
normal size and density and a valence neutron, then two-body models can be
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Figure 2.6: RMS radii for isotopes of Lithium from interaction cross-section mea­
surements at 800 MeV/A. Data taken from [Tan8 8 ] except for 11 Li which is the 
corrected value by Al-Khalili, Tostevin and Thompson [Alk96]. Best fit RoAs 
trendline is shown as a dotted line.
used to calculate there properties. There are only two examples of single neutron 
haloes found to date, namely n Be [Tan8 8 ], and 19C [Baz95, Mar96, Rid97].
Two-neutron haloes such as 6 He and 11 Li show the most dramatic departure 
from classical behaviour. Figure 2.5 shows the 2 neutron separation energies in 
the same region as Figure 2.3. An inspection of the mass dependence of nuclear 
radii for isotopes of lithium, figure 2 .6 , indicates that there is an even greater 
departure from the A t  trend of radii for 11 Li than that seen earlier for 11 Be. As 
with the isotopes of beryllium described earlier, clustering in the lighter isotopes 
of lithium results in radii which do not follow the A t  trend.
An interesting property of all two-neutron haloes is that none of the binary 
subsystems is bound i.e. for u Li it should be noted that neither 10Li nor the
° Measured radii 
R0 A1/3 trendline
I
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dineutron is bound. These nuclei are known as Borromean systems. This is an 
example of the pairing effect being the critical factor at the limits of stability. 
This also accounts for the odd-even staggering which can be seen along both of 
the drip-lines, where nuclei with even numbers of neutrons or protons (or both) 
are stable to particle emission but the odd-odd isotopes are unbound.
2 .2 .2  A n g u la r  m o m e n tu m  an d  N -N  p a ir in g  e ffe c ts  in  h a lo  
n u cle i
As has been mentioned earlier, a halo can be formed in a nucleus which has 
low binding energy for the last nucleons and no significant potential barriers. 
In the case of proton haloes (or skins), the Coulomb barrier restricts the extent 
of the wave-function to a smaller radius than that observed for a neutron halo 
with the same separation energy. The other source of potential barrier comes 
from the relative angular momentum between the core and the valence nucleon 
or nucleons. The most defined nuclear haloes are seen when there is either a low 
centrifugal barrier, or none at all.
Nucleons which are in orbitals with identical quantum numbers, except mz 
(the magnetic sub-state quantum number), will be in a relative s-wave state. 
These orbits form a time-reversed pair which have perfect spatial overlap. The 
effect of this is tha t the nucleons will spend much of their time in close vicinity 
to one another, increasing the binding between them. As the relative angular 
momentum increases, the neutrons spend less time near to one another and the 
binding decreases. Hence, studying the states of Borromean nuclei and their 
constituent unbound binary systems can give some insight into the pairing term 
of the strong force and how it works within nuclei.
An example of where low angular momentum states affect the formation of a 
neutron halo can be seen for 11 Be. As mentioned earlier, the shell model predicts 
that the last neutron in 11 Be should be in a p i state which would give a ground
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Figure 2.7: Calculations of the wave functions in 11 Be by Sagawa [Sag92j.
state spin-parity of However, it has been shown experimentally that 11 Be 
does in fact have a ground state which is due to the last neutron being in part 
in a ls i state. This greatly reduces the centrifugal barrier allowing the formation 
of a halo. This effect is illustrated in figure 2.7. These calculations by Sagawa 
[Sag92] show the wave functions for 11 Be assuming three different orbits, s i, pi 
and d |,  using the same separation energy Sn =  0.51 MeV. The s i neutron clearly 
has a much larger spatial extension than the other two.
For 14Be, the spatial extension of the halo will depend partly on the energy 
level of the lowest state in 13 Be and partly on the relative angular momentum 
between the last two neutrons. W ithout taking into account the effects of the 
pairing interaction, if 13Be is unbound by an amount, say, Ei, then we would 
expect 14Be to be unbound by an amount equal to 2 x Ex. However, 14Be is 
actually bound. In the limit of an inert core, the only interaction is between the 
pair of valence neutrons. The pairing force, A, brings down the energy level for 
14Be enough for it to be bound. Hence, the energy of the ground state of 14Be
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Figure 2.8: Pairing effects in halo nuclei
can be written:
E(u Beg.a.) — ZEi — A
This is shown in Figure 2 .8 .
(2.5)
2 .2 .3  T h e o r e t ic a l m o d e ls  for h a lo e s  a n d  B o r r o m e a n  sy s ­
te m s
When modelling halo nuclei, it is useful to take advantage of the formation of 
clusters to reduce the complexity of the calculations. Reaction calculations are 
also simplified by cluster assumptions, but remain complicated when many-body 
subsystems are involved in the collision. Approximations can be made to the 
types of interactions between these bodies. In particular, as these are very weakly 
bound nuclei some of these interactions can be neglected altogether under certain 
conditions. Some of the techniques which have been proven to be effective in the 
theoretical study of halo nuclei are discussed below.
One way of modelling these very weakly bound systems is by analogy with the 
simplest weakly bound nucleus, the deuteron. This approach was first introduced
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by Hansen and Jonson [Han87], as described in a review paper by Orr[Orr97],
which gives the mean square radius of a halo system as:
<r2hai°> ! “  (2,6)
where B  is the binding of the halo nucleons, fi is h being Planck’s constant
and (j, is the reduced mass of the system, given by:
A* =  X T X -  (2 '7)nth. mc
where, in turn, rrih is the mass of the halo and m c is the mass of the core.
This model assumes that the halo neutrons are in an s-wave with respect to 
the core and that both the core and the valence neutrons are inert. In the case 
of a two-neutron halo, a valence dineutron is assumed.
There are models currently in use which model Borromean nuclei as three bod­
ies, some of which are described in a review paper by Zhukov et al. [Zhu93] and 
use a hyperspherical harmonics (HH) formalism. These models require knowl­
edge of the potential between the core and each of the valence particles and the 
potential between the two valence particles. Using this information it is then pos­
sible to calculate the wave-function of the system in hyperspherical coordinates, 
which leads to a form of the Schrodinger equation which has a separable radial 
part containing only one coordinate, the hyperradius. The rest of the structural
information is contained in the hyper-angular coordinates. As the standard solu­
tion to the hyper-angular part of the equation is known in terms of hyper-radial 
harmonics and is not dependent on the number of bodies, this approach greatly 
simplifies the many-body problem.
Cluster models can be incorporated into microscopic formalisms using, for 
instance, the generator coordinate model (GCM) [Des95]. For 14Be, the system 
is modelled as 12Be and two neutrons. It is not an initial assumption of the 
calculation that there is a halo structure. The 14-body Schrodinger equation is
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solved for different spatial configurations defined by the generator coordinates 
R, r and a, where R is the distance between the core and the centre-of-mass of 
the two neutrons, r is the distance between the two neutrons and a  is the angle 
between R and r. Each generator coordinate is allowed to vary with the other 
two fixed and p-shell single particle states for the last neutron of the 12Be core are 
taken into account. The model was constrained to fit the known binding energy 
of 14Be relative to the 12Be+n+n threshold. The rms radius, proton and neutron 
densities can be calculated using this method.
A similar method which uses variational calculations for highly clusterized 
nuclei is to group most of the nucleons in the nucleus into clusters. A model pro­
posed by D.Brink [Bri6 6 ] groups nucleons into alpha particles. That is, harmonic 
oscillator wells at certain points in space are fitted with two neutrons and two 
protons, coupled to L =  S =  0 , and an effective inter-cluster potential is employed. 
A minimisation algorithm then finds the ground state configuration by varying 
the cluster positions until the minimum energy is reached. This method has been 
used successfully applied to many non-halo systems. An extension of this method 
which has been applied to many light neutron rich systems is Antisymmeterized 
Molecular Dynamics (AMD). This was developed by H. Horiuchi and Y. Kanada- 
En’yo [Kan95]. The main difference between the Brink cluster model and AMD 
is tha t individual nucleons are used as the clusters in AMD, which removes the 
assumption th a t there is clustering occurring within the nucleus. In both models 
the wavefunctions have to be correctly antisymmeterized such tha t the sign of 
the wavefunction changes on interchange of particles or clusters. The nucleons 
are moved a small, but finite distance between iterations. This leads to the main 
limitation of AMD, namely that to increase the accuracy one must reduce the 
mesh size which increases the complexity of the calculation and the computing 
time.
Scattering theories can be used to test models of the many-body structure 
of nuclei. In the case of highly clusterized nuclei, these theories deal with the
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scattering behaviour of few-body systems on another body, the target. This 
leads to insoluble equations and hence, approximations to the motion need to 
be made. Currently, most experiments on halo nuclei are performed at high 
energies for reasons which will be explained later. This allows an adiabatic or 
‘sudden’ approximation to be made in which the excited states of the projectile 
and the target are neglected [Sat90b]. If the internal motions of the constituents 
of the many-body system are slow compared to the motion of the centre of mass, 
then the position coordinates of the constituent core and neutrons can be frozen 
over the length of the interaction region [Alk96]. In the case of halo nuclei, the 
interactions between the core and the halo neutrons are weak and for high incident 
energies (above about 30 MeV/nucleon) the adiabatic approximation is valid 
[Alk95]. The scattering of the projectile is then calculated for each configuration 
and averaged over the relevant position probability distributions.
^  halo
R ftarget
Figure 2.9: Diagram showing the collision between a three-body projectile and a 
target.
Figure 2.9, reproduced from a figure by Al-Khalili, Tostevin and Thompson 
[Alk96] shows a schematic representation of the scattering of a three-body pro­
jectile. The density of the projectile is shown by shading and the frozen positions
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of the constituents are shown by dark circles. The distance between the centre of 
mass of the projectile and that of the target is defined as the impact parameter, b. 
The Eikonal or Glauber approximation [Bar79] can be made at high energies by 
assuming that the deviation of the trajectory from a straight line is small. This 
condition allows the scattering to be parameterised using the impact parameter.
2 .2 .4  T h e o r e tic a l m ea su re  o f  ‘h a lo ism ’
There are a number of ways in which the size of a halo nucleus has been presented 
in the literature. Some of these, including the root mean square (RMS) radius 
of the nucleus hide the true extent of the diffuse neutron distribution as they 
are biased towards the more dense core. Other measures, such as the RMS 
hyperradius, are less intuitive and difficult to interpret.
A measure of the size of the nucleus which takes into account the mean dis­
tance of nucleons in the core and in the halo from the centre of mass of the 
nucleus is the haloism, % coefficient, defined in equation 2 .8  [Gri97].
H =  ( 2 . 8 )
cn(core)
where rn(halo) and cn(core) are the RMS distance of the nucleons in the halo 
and the core from the centre of mass of the nucleus. For a one neutron halo 
system this is calculated from the measured RMS m atter distributions of the 
whole system (Ra) and the core nucleus (R a- i)•
rn(halo) =  y j  ( AR\a) -  (4  -  1 ) R\A^ ( )  (2.9)
rn(core) =  y j  (2 .1 0 )
The situation is more complicated in the case of two nucleon halo nuclei where
needs* to  be. fcexk^ o iWd ecocide cattcr)
the configuration of the two valence nucleons relative to the core nucleus. If the
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Nucleus Model R(A) R(A-i) rn(halo) r(core) rn(core) n
n Be 10Be+n 2.73 2.3 5.72 0.57 2.37 2.41
n Li 9Li+n+n 3.12 2.32 5.65 0.91 2.49 2.27
6He a + n + n 2.57 1.46 3.46 1.24 1.92 1.81
8B ‘7Be’+p 2.52^ 2.091 3.82 0.55 2.16 1.77
6Li a + n + p 2.35f 1.46 3.06 1 .2 0 1.89 1.62
8Li i7Li’+ n 2.37 2.051 3.25 0.46 2 .1 0 1.55
17Ne 150 + p + p 2.75 2.59 3.74 0.35 2.62 1.43
Table 2.1: Haloism coefficients and radius parameters required to calculate them, 
for a variety of light nuclei. '•'Theoretical values. Wave functions of 8Li and 
8B were obtained using a three-body model Q!+t(3He)+n(p). Table taken from 
[Gri97].
valence nucleons are located either side of the core (cigar-like configuration), then 
the core is located at the centre of mass of the system. However, if the nucleons 
are closely correlated in space (dineutron configuration) then the centre of mass 
of the system will be shifted away from the core by an amount related to the ratio 
of the masses of the core to the halo. The distance between the core and centre of 
mass of the total system, r(core) can be calculated from three body codes. From 
this value and the measured size of the core nucleus, R |A_2), the mean distance 
from the centre of mass for the core nucleons can be calculated as below:
rn(core) =  y 'r(co re ) 2 +  R\A„2) (2 .1 1 )
Hence, from knowing the radii of the halo nucleus, the core nucleus and the 
distance between the core and the centre of mass (for two neutron halos), it is 
now possible to calculate the haloism of different nuclei from assuming either one 
or two nucleons in the halo, see table 2 .1 .
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2.3 S p e c tro sc o p ic  s tu d ie s  o f  h a lo  n u c le i
Conventional spectroscopic techniques, such as electron or proton scattering re­
quire a target to be made of the nucleus to be studied. However, nuclei at or 
close to the drip-lines have too short a half-life to make a target, and can only 
be produced as low intensity radioactive beams. Traditional probes are then no 
longer available and high cross-section mechanisms employing these weak beams 
are vital to their study. Signatures of the halo nature of a nucleus can be found 
experimentally from a number of observables. The first indications that these 
light neutron-rich nuclei possess exotic m atter distributions came from the mea­
surement of the interaction cross-sections of the isotopes of lithium.
A series of experiments measuring the interaction cross-sections, that is the 
total cross-section for the process of nucleon removal from the projectile nucleus, 
of light nuclei was performed at the Bevalac of the Lawrence Berkeley Labora­
tory in the mid 1980’s by I. Tanihata and collaborators [Tan85b]. (The nuclear 
radii inferred from these cross-section have been presented earlier in this chap­
ter.) These were some of the earliest experiments using fragmentation beams 
which opened up the possibility of studying systematically the properties of un­
stable nuclei. The beams were produced by the fragmentation of n B and 20Ne at 
800MeV/A with the products being separated magnetically to give the nucleus 
of interest with low levels of contamination (<10~3). These beams were made 
to impinge on targets of beryllium, carbon and aluminium. For the carbon tar­
get data (only carbon target measurements were made in the case of the 11 Li 
beam), the large interaction cross-section for n Li of 1040±10 mb compared with 
the systematic trend for the other lithium isotopes of 688±10 mb, 736±6 mb, 
768±9 mb and 796±6 mb for 6Li, 7Li, 8Li and 9Li respectively was interpreted 
as an unusually large m atter distribution (see figure 2 .6 ).
This result prompted intense experimental and theoretical interest in u Li 
which is now the most extensively studied halo system. The magnetic moment
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of u Li was found to be very similar to that of 9Li (3.6673±0.0025 gM [Arn87] 
compared with 3,4391±0.0006 g^  for 9Li). This suggests that the occupancies 
of the shell-model orbitals in 9 Li in not changed with the addition of two neu­
trons, which supports the model of 11 Li comprising of a 9Li core with valence 
neutrons. Further evidence for a three-body cluster structure for n Li comes from 
the ratio of quadrupole moments for 9Li and u Li of 1.14(16) [Arn92, Arn94]. 
The charge distribution and hence the configuration of the protons in the 9Li 
core appears to be unaffected by the halo neutrons. Other probes of the neutron 
halo were found including neutron/core momentum distributions, neutron/core 
angular distributions and correlation measurements.
Following the pioneering work of Tanihata, a similar experiment was carried 
out by Kobayashi and collaborators using the same apparatus at Lawrence Berke­
ley Laboratory [Kob8 8 ] and at the same secondary beam energy, studying the 
momentum distribution of the 9Li fragment after the breakup o f 11 Li on targets of 
carbon and lead. Both the longitudinal and transverse momentum distributions 
measured from reactions on the carbon target showed a narrow (23±5 MeV/c) 
and a wide (95±12 MeV/c) component.
In the case of one nucleon removal, the momentum distribution of the heavy 
fragment can be interpreted as being a direct reflection of the momentum distri­
bution of the removed nucleon, in the limit of very small momentum transfer in 
the reaction. This distribution, in turn, is determined by the single particle wave 
function of the ground state of the projectile. An extension of this idea to two 
neutron (or larger fragment) removal was used to interpret the two component 
momentum distributions as measurements of two binding energies. This theory 
requires the assumption tha t the removed nucleon came from close to the surface 
of the nucleus, hence its momentum distribution is approximately the Fourier 
transform of the asymptotic part of the wave function exp?---, where k2 =  2 gB. 
In this way, the narrow distribution can be explained as coming from loosely 
bound neutrons at a large radius. Kobayashi interpreted the broad component of
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the momentum distribution as coming from the removal of core neutrons which 
have a more normal binding energy, or from the sequential decay via either an 
excited state in 9Li or through 10Li. However, in retrospect, this interpretation 
seems unlikely.
A more recent experiment at MSU [Zah93] made a simultaneous measurement 
of the longitudinal and transverse momentum distributions of 12Be following the 
breakup of 14Be on a natural carbon target at 56 and 65 MeV/A. The secondary 
14Be beam was produced from primary fragmentation of 80 MeV/A 180  on a 
beryllium target. This radioactive beam was filtered and transported to the 
scattering chamber using the A1200 fragment separator [She92]. The beam par­
ticles were tracked onto the target using two PPAC position sensitive detectors 
separated by 1 m. The heavy ions resulting from the secondary reactions were 
detected in three AE-E telescopes comprising of a 300 pm  thick 5 cm2 double­
sided silicon strip detector and a Csl stopping detector. The silicon detector gave 
information on x and y position as well as energy loss which with the residual 
energy measured in the Csl allows particle identification. The measured momen­
tum  distributions of 12Be ions were shown to be narrower than those measured 
for other particle types. Both the longitudinal and transverse momentum dis­
tribution for 12Be were described by a Lorentzian (  , L  1 fit with a width
W s )  /
parameter, T =  92.2±2.7 MeV/c. Ions of 10Be following the breakup of 14Be and 
12Be were found to have a Lorentzian width of T =  185±11 and 194±9 MeV/c 
respectively. These results will be used in the results chapter for comparison with 
those of this work.
2 .3 .1  T ran sfer  an d  k n o ck o u t rea c tio n s
In order to gain spectroscopic information about halo nuclei it is important to use 
a probe with a well understood reaction mechanism. Transfer reactions provide 
such information, but have only recently been used as a tool since more intense 
beams of very neutron-rich nuclei have become available. The main obstacle to
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extracting reliable information from transfer reaction experiments comes from 
the energy resolution with which the final state particles are measured. For this 
reason very thin targets need to be used to reduce the spread in energy due to 
straggling. This however also reduces the counting rate.
Transfer experiments on halo nuclei have to be performed in inverse kinemat­
ics, wherein the heavy (halo) nucleus is used as the projectile and the target is a 
lighter, stable nucleus. An experiment of this kind to investigate the single parti­
cle structure of 11 Be using the reaction p (n Be, 10Be)d was performed at GANIL 
using the SPEG spectrometer [For99, WinOO]. The angular distributions of the 
10Be ions, selected according to excitation energy in 10Be, were measured at the 
focal plane of the spectrometer in coincidence with a deuteron measured in an 
array of position sensitive silicon detectors mounted in the target chamber. To 
compensate for the spread of energy in the secondary beam the spectrometer was 
used in dispersion-matched mode, so that the position on the focal plane is di­
rectly related to the reaction Q-value, the difference in total mass energy between 
the initial state and the final state (Q =  (m;n^  — m/*nai)c2). A 50 gm thick 
(4.5 m g/cm 2) polypropylene target was used for the reactions. The background 
due to reactions on the carbon in the target was removed by the requirement 
of a coincident deuteron. The study produced differential angular distributions 
for the population of the known states in 10Be. The interpretation of the data 
in terms of the amount of the 11 Be ground state wavefunction which can be de­
scribed as a d-state neutron coupled to 10Be in the 2+ excited state (as opposed 
to an s-wave neutron coupled to the 0 + ground state) is complicated by a number 
of factors including the role of deuteron breakup and two-step processes and is 
not fully resolved [WinOO].
Single-nucleon knockout reactions have recently been developed as a spectro­
scopic tool for exotic nuclei. This technique involves the measurement of the 
momentum distributions of the projectile residue in coincidence with 7 -rays fol­
lowing the single nucleon stripping reaction on a light target (see [Nav98] and
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references in section 2.1.3). This simple reaction mechanism, where only the 
knocked out nucleon participates in the reaction and the residual core particle 
is transmitted with approximately the initial velocity, is dominant for loosely 
bound nuclei at high energies (greater than about 50 MeV/A). This method has 
a number of advantages over transfer reactions. The nucleon knockout reaction 
where core survival is required in the final state, is only sensitive to the tail of 
the wave-function which can be determined asymptotically from the separation 
energy. Also, the energy is high enough that multi-step processes may not be 
important, although this had not been proven.
2 .3 .2  In varian t m a ss  sp e c tr o sc o p y
Nuclear systems which are only marginally bound or even unbound can be studied 
from the fragments following a breakup reaction. A number of similar tech­
niques including resonant particle spectroscopy and sequential neutron decay 
spectroscopy have been developed based upon the principle of reconstructing 
unbound states from the decay products.
In the case of three body decay, where the projectile spontaneously decays 
into three parts (possibly following excitation), correlations between two of the 
fragments may persist regardless of the third. Hence, the relative energy between 
two of the particles will be independent of the third. This means that the mass 
of the unbound, possibly resonant, particle is invariant under the influence of the 
other fragment from the original decay. If the breakup of a Borromean nucleus 
passes through the intermediate nucleus which then spontaneously breaks-up and 
the final state interactions between two of the fragments are strong enough, it is 
possible to measure the invariant mass of the intermediate nucleus by detecting 
decay products in coincidence.
Sequential neutron decay spectroscopy has been used in a series of experi­
ments. One of these, described in the first chapter [Tho97], was arranged so that 
the charged ions emerging at zero degrees from the decay of the resonant or vir­
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tual state were bent in the field of a dipole magnet and their energies measured in 
a detector telescope. The neutrons were detected at close to zero degrees, which 
limits the kinematics of the detected events. For the neutron to be detected, 
the breakup must occur along the direction of the initial beam momentum. This 
means that the neutron is ejected from the intermediate particle either directly 
forwards or directly backwards with the charged ion being released in the opposite 
direction in the centre of mass so as to conserve momentum. In the laboratory, 
the products are both kinematically focussed forwards. The difference in the 
magnitudes of the velocities of the two fragments is equal to the relative velocity.
Figure 2.10: Relative velocity spectrum for the decay of an unbound excited state 
in 8Li. Figure taken from [Tho97]. Such spectra will be referred to in the present 
work as ‘arithmetic velocity difference’ (AVD) spectra.
Figure 2 .1 0  shows the relative velocity, equal to the arithmetic velocity dif­
ference (AVD) in the fully aligned experimental geometry, for a resonant excited 
state in 8Li. The data were reconstructed by measuring the velocities of the
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resulting 7Li ion and neutron, by Thoennessen and co-workers at MSU. A reso­
nant state, such as this one, appears as two peaks which are symmetric around 
zero, where the one to the left corresponds to the neutron emitted backwards in 
the centre of mass of the 8Li. A state which is very close to the particle decay 
threshold will display a single peak at zero. This is because for very small relative 
velocities the deviations from the beam direction in the laboratory frame will be 
so small as to fit within the experimental acceptances and the decay products 
will be detected regardless of the angle of the breakup relative to the optical axis. 
Thus, the precise form of the AVD spectrum close to zero is a function of both 
the excitation spectrum of the resonant particle and the angular acceptances of 
the experimental apparatus.
An alternative technique in decay spectroscopy is to use a wider geometry and 
then use angular information in a full vector analysis of the decay. The relative 
energy (invariant mass) of the unbound system is calculated from the reduced 
mass of the system and the relative velocity between the final fragments:
M=  T i l ' + 12)
m i  m 2
Brel ~  B\ V2 (2.13)
where m i, m 2, Vi and u2 are the rest masses and velocities in the rest frame of 
the unbound nucleus of the two final state particles. As this relative velocity is 
typically very low (i.e. non-relativistic), it is valid to use the classical formula to 
calculate the relative energy:
Erel =  ^p(Vrel)2 - (2.14)
This technique has been used in the studies of many drip-line nuclei including
those concerning the unbound nuclei 7He and l0Li performed at GSI [Zin97].
These experiments used secondary beams of 8He and u Li with the charged and 
neutron fragments being detected using the FRS, the ALADIN dipole magnet 
and the large area neutron detector, LAND. One resonant state is known for 7He
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Figure 2.11: Relative (decay) energy for 7He (left) and 10Li (right) obtained from 
invariant mass analysis of 6He +  n and 9Li +  n respectively. For 10Li, spectra are 
shown for the breakup of 11 Li on lead target (upper) and carbon target (lower). 
D ata taken from [Zin97].
at 440(30) keV with a width of 160(40) keV. Assuming that this state is formed 
from a p i neutron, a Breit-Wigner fit to the data was performed, given by the 
solid line shown in the left-hand panel of figure 2 .1 1 .
For 10Li, in comparison with 7He, the relative energy rises very suddenly from 
zero. This is characteristic of a state very near threshold, not suppressed by 
any Coulomb or centrifugal barrier, namely an s-wave neutron state. The cross- 
section for neutron decay rises as ( £ re( ) /+1 / 2 [Bla79], hence the steepest rise in 
cross-section is indicative of the decay of an 1 = 0  neutron.
It is possible to reconstruct the momentum of the intermediate particle in a 
similar way:
Pres — Pi +  Pi (2.15)
where pres is the momentum of the resonant system and p\ and p2 are the mo­
menta of the two decay products.
CH APTER 2. TH EO RY 45
2 .3 .3  M e a su r e m e n ts  o f  5H e  an d  6H e at G S I
The simplest two neutron halo is 6He, which has an a-particle core. This system 
is a good test case for halo fragmentation as the two body interactions of both 
unbound subsystems, 5He and the dineutron, are well known. Additionally, there 
are good theoretical three-body wave functions for 6He. An experiment was 
performed at GSI to study the structure of the unbound nucleus 5He and the 
effects of final state interactions (FSI) on the momentum distributions of 6He. 
This study has much in common with the present work as they both pertain 
to a kinematically complete measurement of the breakup of a two neutron halo 
nucleus. For this reason, it could be expected that similar information for u Be 
and 13 Be could be derived from the present work as has been reported for 5 He 
and 6He from the experiment at GSI [Ale98]. The experimental and analytical 
techniques used in this work are discussed, below. Cross-section and invariant 
mass determinations were made from this experiment [Aum99], but will not be 
discussed here as the benefits from the information derived from these observables 
has been demonstrated above.
The fragmentation of 6He was performed on targets of carbon (1.87 g/cm 2) 
and lead (0.87 g/cm 2) at 240 MeV/A. The charged ions were separated from 
the beam by the ALADIN dipole magnet and measured in a plastic wall. The 
energy of the fragment was taken from the time of flight between a scintillator 
at the entrance to the measurement area and the plastic detector. Additionally, 
the energy loss in the plastic detector gave charge identification for the fragment. 
Position information for the heavy ion before the target was measured in two 
multiwire proportional counters (MWPCs), with a third measuring the angular 
distribution of the charged fragment. Thin silicon pin-diode detectors were placed 
close to the target giving position and energy information for the heavy ion before 
and after the collision. The LAND detector, consisting of 200 detector modules 
mounted together in a tightly packed geometry, has an efficiency of 82(7)% for a
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single neutron hit. This figure is totally dominated by the intrinsic efficiency of 
the detectors as the geometric efficiency is close to 100%. The acceptance for the 
neutron momentum in the transverse direction was about ±50 MeV/c.
A narrow momentum distribution, corresponding via the Heisenberg uncer­
tainty principle to a extended spatial extension for the valence neutrons, is an 
im portant signature of a halo state. Momentum distributions for the two frag­
ments, the a-particle and the neutron were produced in the rest frame of the 
decaying 5He particle [Ale98]. The standard deviation of the a-particle trans­
verse momentum distribution, in coincidence with a neutron was found to be 
56.0(0.2) MeV/c. The momentum distribution of the 5He particle was recon­
structed in the rest frame of the beam. The authors refer here to a ‘spectator’ 
frame, but later conclude that the difference in velocity between this frame and 
th a t for the beam is within experimental uncertainties. These uncertainties pre­
vented the transfer of momentum during the reaction to be quantified. It was 
found tha t the measured momentum distributions for 5He were consistent with 
the model of the |~  resonance in 5He being produced in a knock-out reaction, 
followed by a neutron decay.
The resulting momentum distributions from this experiment were compared 
with theoretical predictions using a Monte Carlo simulation. A microscopic clus­
ter method calculation was then used to calculate the momentum of ni (the neu­
tron in the halo which is removed in the reaction) which, as described above, is the 
same as the momentum of 5He. (By conservation of momentum, p^ ,He =  — ni.). 
This gave a line shape close to a Gaussian distribution with a width of 73 MeV/c. 
Finally, the fragment distributions were transformed into the rest frame of the 
beam, so tha t they were directly comparable with the experimental results. It was 
found tha t the experimental momentum distributions could be well reproduced 
by these simulations which assume one neutron knockout followed by the decay 
of the |  resonance in 5 He. This means tha t the structure of the 6He projectile is 
not seen in the separate a-particles or neutron momentum distributions as they
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are dominated by the strong interactions occurring between the a-particle and 
the neutron.
In a paper by Aumann, Chulkov, Pribora and Smedberg [Aum98], the re­
sulting momentum distributions from this experiment were compared with three 
theories. In two of the models, the wavefunctions were calculated using hyper­
spherical harmonics (HH) assuming an a-n-n configuration. The third formalism 
uses the resonating group method (RGM) which is ^ variational method similar 
to antisymmeterized molecular dynamics method described above. However, in 
AMD, no clusterization is assumed whereas in RGM a number of clusters are 
used and minima found in each case. In the first two models, an a-n-n structure 
is assumed for 6He, whereas in the RGM model, a-2n, 5He-n and t-t configura­
tions are all considered. In each of the three cases a Fourier transform is applied 
to the wave function in coordinate space. The resulting internal momentum dis­
tributions for the halo neutrons were calculated and had a standard deviation of 
about 73 MeV/c for the two HH methods. However, a broader distribution of 
95 MeV/c was found from the RGM treatment.
The measured individual momentum distributions of the a-particles and neu­
trons cannot be compared directly with these calculations however as the reaction 
mechanism and any FSI have to be taken into account first. Each can have sig­
nificant effects as discussed in the final section of this chapter. The FSI between 
the a-particle and the neutron is well known in terms of the energies and spins of 
the resonant states in 5He. Experimentally it is found to be strongly present in 
the breakup reaction. A proper consideration of this FSI is essential to the study 
of 6He. Although the intrinsic momentum distributions calculated assuming dif­
ferent wave-functions for 6He are quite different, after taking into account the 
influence of the FSI and the reaction mechanism all three models are in agree­
ment with the experimental data. This is shown in figure 2 .1 2 . The thin solid 
line represents the calculation made using HHS, the dashed line is the result of 
the HHF calculations and the RGM calculations are shown by the dotted line.
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Figure 2.12: Transverse momentum distribution of a-particles from 6He break­
up. Experimental data is shown by error bars, theoretical calculations are shown 
by lines, as described in the text. Data taken from [Aum98].
Finally, a calculation using the opaque limit of the Serber approximation (de­
scribed below in section 2.4.1) is shown by the thick solid line. It was concluded 
by the authors that ‘the extraction of quantitative information on the structure 
of the halo nucleus from the a-particle and the neutron momentum distribution 
in not reliable with the present models’.
However, the momentum distribution of 5He, reconstructed from the individ­
ual a-particle and neutron momenta, is shown to reveal information pertaining to 
the structure of the halo nucleus itself. It was found that the momentum transfer 
to the 5He subsystem during the fragmentation of 6He was small. This indicates 
that the reconstructed 5He momentum is a direct reflection of the internal mo­
mentum of the removed neutron. These findings suggest tha t momentum distri­
butions from the fragmentation of 14Be may yield interesting information, about 
14Be provided that the kinematic properties of the 13Be intermediate system are 
reconstructed. In addition, the relative motion (assuming an FSI) between 12Be 
and an observed neutron may reveal information on resonances in the unbound 
13Be system.
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Nuclear reactions can be sensitive to the alignment of the spin angular mo­
mentum of the projectile [Sat90a]. In transfer reactions, for example, the angular 
momentum coupling may favour a given polarisation. Peripheral collisions, such 
as any halo breakup reactions where the core survives, are prone to polarisation 
of the residual fragment [Han96]. This will result in correlations between the 
angles at which the decay products are emitted.
The same experimental setup at GSI as described above was used to search 
for fragment polarisation effects between 5He and its decay products following the 
fragmentation of 6He on a carbon target [Chu97, Sch99]. In transfer reactions, 
the polarisation vector points in a direction which is perpendicular to the plane 
containing the momenta of both the projectile and residual nucleus (5He in this 
case). The total angular momentum of the 5He is assumed to be perpendicular 
to this plane. However, in neutron removal reactions, if there is polarisation, it 
could be in a different plane.
To find correlations between the resonant particle breakup products, the an­
gular distributions were measured using two different coordinate systems, with 
the aim that the effect could be measured in at least one of them. The first 
system is defined in polar coordinates relating to the Cartesian system where x 
is defined by the 5He momentum and z by the assumed to ta l angular momen­
tum  vector. A second coordinate system where x is defined by the total angular 
momentum vector and z by the momentum of the resonant 5He system was also 
used. In both cases, an anisotropy was discovered in the polar angle. However, 
after correction for the limited acceptances of the detection system, the angu­
lar correlations using the second coordinate system showed azimuthal isotropy. 
This isotropy shows tha t there is no favoured direction for the reaction in the 
plane perpendicular to the 5He momentum, tha t is to say, the spins are randomly 
aligned within the plane perpendicular to the 5He momentum. The spins, may 
therefore be aligned in this plane.
An asymmetry, would show interference between states of different parity, as
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has been observed for u Li [Sim99]. This was not observed for 5He. The angular 
correlation distributions were shown to reproduce the known spin of the 5He 
ground state.
2 .4  R e a c tio n  m e c h a n ism s
The interpretation of results from the fragmentation of halo nuclei relies heavily 
on an understanding of the reaction mechanism as indicated, for example, in the 
u Li results described in section 2 .2 . The energy of the projectile, the nature of 
the target and selectivity in the exit channel will limit the number of reactions 
which need to be considered. Initially, different types of reaction mechanism are 
discussed below with reference to single neutron haloes, where the interpretation 
is simpler. The type of reaction mechanism which is allowed in a collision is 
dependent in part on the distance between the nuclei as the projectile passes the 
target nucleus.
For single neutron halo nuclei, there are two bodies which can interact with 
the target, namely the core and the halo neutron. Generally, any breakup reaction 
where the transfer of momentum is only between the core and the target is defined 
as ‘neutron shakeoff’ [BarOO]. Coulomb breakup, also known as electromagnetic 
dissociation (EMD), is a good example of a shakeoff mechanism, as it is only the 
charged core which is affected by the Coulomb force. EMD dominates at large 
impact parameters, as the range of the nuclear force is much smaller than that for 
the Coulomb force. EMD occurs more readily when the target is highly charged, 
so if nuclear effects are to be studied a light, low Z target should be used.
At smaller values of b, the nuclear force becomes important. Nuclear in­
teractions between the target and the core would give rise to nuclear shakeoff 
alternatively, the dominant interaction may be between the target and the halo 
neutron. Barranco et al. [BarOO] show that the shakeoff mechanism has a small 
but noticeable effect on the differential cross sections at small angles. This effect
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is most apparent at high energies («  250 Mev/A) where the target can be as­
sumed to be transparent to the halo neutronA This effect is not likely to make a 
sizeable difference at intermediate or low energies.
There are two nuclear mechanisms where the halo neutron interacts with the 
target nucleus: (1 ) diffraction dissociation and (2 ) absorption (stripping).
Diffraction dissociation occurs at slightly larger impact parameters than ab­
sorption as there is no direct impact between the projectile and the target. This 
is a purely quantum mechanical mechanism. In diffraction dissociation, the wave 
functions of the loosely bound core and halo particles are diffracted differently in 
the potential of the target, causing the halo system to breakup. This is equiva­
lent to breakup via inelastic scattering to a continuum state. An optical analogy 
is often employed to describe this process and, in the simplest case, the target 
can be represented as a ‘black’ (completely absorbing) disk. In Barranco’s model 
of breakup processes for weakly bound nuclei [Bar96], the effect of diffraction 
dissociation on the momentum distribution perpendicular to the beam axis is to 
cause localisation of the wavefunction defining the relative motion of the neutron 
with respect to the core. This arises from an impact parameter argument, if the 
core is to survive to be measured in the final state then it cannot be located in 
the shadow region of the disk defined by the target nucleus. This localisation 
does not affect the momentum distribution in the direction parallel to the beam 
direction.
Diffraction dissociation of a two neutron halo nucleus via the intermediate 
nucleus is possible, but not necessarily the case. Both neutrons can be observed 
experimentally from this reaction mechanism (neutron multiplicity of two), but 
they are indistinguishable. The diffracted neutron exits the reaction with essen­
tially the same velocity as the beam [Han96]. Hence, if the intermediate nucleus 
is to be reconstructed from coincident measurements of the core plus a neutron, in 
the case of diffraction dissociation it is not possible to guarantee tha t the correct
“ th is is n o t tru e  for the  core which has a  much m ore com plex s tru c tu re
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neutron has been selected.
At smaller impact parameters, the halo neutron can impact directly on the 
target nucleus. Two commonly used approaches have been developed in this 
scenario, namely the transparent and the opaque limits of the Serber model. 
This model, with details specifically of the opaque limit, is described at the end 
of this chapter. The opaque limit of the Serber model is expected to provide a 
good medium for interpretation of the data from this work due to the high beam 
energy, light target and fragment survival criterion.
Electromagnetic dissociation can occur sequentially, where the projectile is 
excited to a resonance and then decays by particle emission, or via direct breakup. 
The neutron multiplicity from EMD processes will be equal to two, and the 
problems with neutron identification are the same as with diffraction dissociation.
As the impact parameter is reduced further, it is possible for the projectile 
to undergo a more direct collision with the target, which will be dominated by 
core-target interactions. The core of the halo nucleus can be broken, resulting in 
many light fragments. This type of reaction will probe the wave function of the 
halo nucleons especially the higher angular momentum components which reside 
within the core. This is in contrast with all the other types of reaction mentioned 
above only probe the asymptotic tail of the wave function.
The ‘core breakup’ method was employed by Grevy and collaborators at an 
experiment at GANIL [Gre99]. Beams of n Li and n Be at 29.9 MeV/A and 
38.5 MeV/A respectively bombarded a beryllium target. Neutron angular distri­
butions were measured in coincidence with heavy ions having at least one proton 
less than the projectile, indicating core breakup. These distributions inevitably 
include not only the halo neutrons, but also some neutrons from the interaction 
of the core. The contribution from this latter source of neutrons was quantified 
by performing a similar experiment with a beam of the core nucleus (9Li or 10Be). 
A telescope at zero degrees was used to measure the ions, and hence data were 
taken with no target to quantify the effects of reactions in the detectors. After the
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subtraction of core effects and also target-out data, the measured neutron angu­
lar distributions were converted into momentum distributions using the relation 
P =  Pbeam x tand(rads) where Pbeam is the beam momentum per nucleon.
A width of 42±6 MeV/c was found for the neutron momentum distribution 
following the breakup of 11 Li where a helium ion was detected in coincidence. 
This narrow distribution is characteristic of halo neutrons where the wide disper­
sion in coordinate space is related to a narrow distribution in momentum space. 
Similarly narrow distributions of neutrons were found for the fragmentation of 
the 11 Be beam. Coincidence measurements with a lithium ion yielded a width of 
42±4 MeV/ c whereas a helium fragment in coincidence provided a more narrow 
distribution with a width of just 32±4 MeV/c. This discrepancy is explained in 
terms of a ‘shadow effect’ arising from the reaction mechanism.
2 .4 .1  T h e  o p a q u e  lim it  o f  th e  B erber a p p r o x im a tio n
In the original model by Serber [Ser47], the interaction between the removed 
neutron and the target are neglected. That is to say that the target is assumed 
to be transparent to the halo neutron. This is the transparent limit. Serber’s 
analysis described stripping processes observed in experiments using a beam of 
deuterons at 190 MeV. A large number of neutrons with approximately the same 
velocity as the beam were detected at forward angles. These were interpreted as 
coming from reactions where the proton interacted directly with the target, but 
the neutron was unaffected. The Serber model was extended to describe reactions 
where a halo neutron is absorbed by the target and the core is unaffected (see 
for example [Bar96]). Again, an optical analogy is employed and the target is 
assumed to behave as a black disk, i.e. a perfect absorber. This is the opaque 
limit.
The whole situation is complicated in two neutron halo fragmentation exper­
iments by the second halo neutron. For absorption (opaque limit of the Serber 
model) if one of the halo neutrons is incident on target it will be absorbed, pos­
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sibly leaving the unbound subsystem to decay into core plus neutron. The large 
spatial extent of the halo means tha t this is likely unless the n-n interaction 
(correlation) in the halo is particularly strong. If this type of reaction occurs, it 
is likely to be the neutron from the intermediate nucleus which is measured in 
coincidence with the core and moving near the beam velocity. The neutron which 
was removed from the halo nucleus is likely to be significantly damped in energy 
by the interaction. This is the type of reaction which is most simple to interpret 
and is characterised by a neutron multiplicity of exactly one as the first neutron 
is lost to the detection system (assuming that the damping to the neutron energy 
is sufficient to exclude this neutron from the detection or analysis). It should 
be noted tha t the sequential decay through the unbound intermediate nucleus 
is necessary in this model. The transit time for the projectile past the target is 
typically 0.64 x l0 ~ 22 s, so that any resonance in the intermediate nucleus having 
a width of less than 5 54x10-22 ~  1 GeV will have an average lifetime in excess 
of the reaction time and will decay out of range of the target potential.
The opaque limit of the Serber approximation is applied by Hansen in his 
paper relating to momentum distribution in single nucleon haloes [Han96] by 
first defining a minimum impact parameter, bmjn, which ensures core survival. 
This is defined by the sum of the energy dependent core and effective target heavy 
ion interaction radii, Rc and R a - The interaction radius for the core is larger 
than tha t for valence neutron (Ra) due to the complexity of the core structure. 
The full Glauber model is applied, i.e. the eikonal straight line approximation 
and the adiabatic ‘sudden’ approximation are used. The effect of the eikonal 
approximation is to leave the wavefunction of the halo state unchanged except 
within a cylinder of radius Ra. This part of the halo wavefunction is set to 
zero, effectively removing a ‘bite’ from the part of the original wave function 
which overlaps in the transverse direction with the ‘black disk’ of the target. The 
probability (Pa) of stripping occurring is found from the normalisation of the 
wave function contained originally within the shadow of the target. This wave
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function is zero at transverse distances greater than Ra. Finally, the momentum 
distribution is found from the square of the three-dimensional Fourier transform 
of Pa.
In this model, FSI between the halo state and the target are neglected as 
the original halo state is largely unaffected in the case that stripping does not 
occur. The probability of diffraction dissociation is shown to be equal to that for 
stripping (Pa).
Hansen continues by reducing the exact wave function to the first spherical 
Hankel function. This describes the asymptotic of the halo wave function and 
is valid in this case as the limitation imposed on the impact parameter (bm»n) 
excludes the non-asymptotic part of the wave function from the reaction. Other 
calculations have been made (e.g. [Rid98]), where the full Woods-Saxon potential 
is used to calculate the momentum distributions.
C h a p t e r  3 
E x p e r i m e n t a l
3.1 Id e n tif ic a t io n  o f  e x p e r im e n ta l  r e q u ir e m e n ts
The experiment described here [Orr96] was designed to make a highly precise 
measurement of the virtual states and resonances in 13Be and 14Be. As the 
ground state of 13Be is expected to be composed of a 12Be coupled to an s-wave 
neutron, the reaction was selected to favour the population of zero angular mo­
mentum states. For reasons expressed in section 1.4, neutron removal from 14Be 
is expected to populate s-wave neutron states. The breakup of 14Be projectiles 
can also be studied simultaneously.
The first requirement, therefore, is a beam of 14Be. The ground state of 14Be 
decays by (3~ emission and has a lifetime of 4.29(18) ms [Bel97]. Therefore, this 
is a radioactive beam, which needs to be produced by a primary reaction and 
then filtered in a mass achromat to improve the purity. As radioactive ion beams 
typically have poor optical qualities, namely angular divergence and a spread 
in momentum as well as contamination from other isotopes, it is necessary to 
make measurements of the beam before the target. Thus, beam tracking, particle 
identification and beam energy (time of flight) detectors must be placed upstream 
from the target.
After the target, the 12Be heavy ion and neutron fragments following the
56
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breakup of 13Be need to be identified, and their position and energy measured. 
The heavy ion position and energy measurement, along with particle identifica­
tion, is made in a semiconductor detector telescope. The charged particle detec­
tors need to be placed on the optical axis as the heavy ions are scattered at very 
small angles in the laboratory frame due to the high energy of the reaction. This 
causes two major problems. Firstly, in order to measure the small deviation in 
angle precisely, both the position and angle of the incident beam particles and the 
final position of the reaction products (e.g. 12Be) needs to be measured with high 
precision. Secondly, the beam, most of which will not react with the target, will 
be incident on this detector, which then acts as a thick target. This produces a 
significant amount of background which needs to be subtracted. The background 
can be quantified by performing an experiment without a target present. The 
beam energy must be adjusted to account for the energy loss in the target in 
order to reproduce the same conditions at the front of the detector telescope as 
in the main reaction experiment.
Neutron detection in general presents a significant experimental challenge 
as neutrons do not interact with m atter as strongly as charged particles. Liquid 
scintillator detectors were chosen for neutron detection. As they are sensitive to 7  
radiation as well as locally produced particles, discrimination between reactions in 
the detectors is necessary. The energy of the detected neutron can be found from 
its time of flight from the target. To optimise this time of flight measurement, 
good timing characteristics are required of the detector and data acquisition 
systems and the detectors need to be placed as far from the target as reasonable 
to maximise the flight time. As the solid angle covered by each detector reduces 
as it is moved away from the target, there is a need to use many detectors to gain 
a sufficient coverage whilst maintaining geometric efficiency.
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3.2 M e th o d s  o f R a d io a c tiv e  Io n  B e a m  P r o d u c ­
t io n
As we move further from the valley of stability, in order to probe the drip-lines, 
traditional techniques can no longer be used to make beams of the isotopes of 
interest. These isotopes are radioactive and need to be produced by a primary re­
action. There are two main methods for making radioactive beams; the ISOL (Iso­
tope Separator On-Line) method [Rav89] which is used, for example, at ISOLDE 
(CERN), Louvain-la-Neuve and SPIRAL at GANIL and projectile fragmentation 
used at GANIL, GSI, MSU and RIKEN amongst other places.
The ISOL method involves producing radioactive isotopes in a primary reac­
tion, diffusing them from a thick target and post-accelerating the ions of interest. 
In this way, it is possible to produce radioactive ion beams with low energies 
(around and below the Coulomb barrier). This method is useful amongst other 
applications for reproducing astrophysical reactions which occur at these low en­
ergies. It has also been used in studies of halo nuclei, e.g. j3-decay studies.
Projectile fragmentation has been shown to be very successful at producing 
intermediate and high energy radioactive beams (above about 50 MeV/A). These 
beams are produced by fragmentation reactions of stable beams on stable targets. 
High velocity primary beams are required to increase the fragmentation cross- 
sections.
Initial studies of fragmentation products at the Bevalac, Berkeley, showed 
surprisingly similar elemental yields for the same experiment performed at the 
very different energies of 20 MeV/A and 2 GeV/A. The isotopic content, however, 
behaved differently. It showed a dependence on the proton to neutron (Z/N) ratio 
of the target for the low energy experiment, but not at 2 GeV/A. This behaviour is 
explained by Harvey [Har85] in terms of nucleon-nucleon scattering cross-sections. 
At low energies (around 50 MeV or below), it is three times more likely that 
projectile protons are scattered by neutrons in the target than projectile neutrons
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are. Therefore, if the target is neutron rich, it is more likely tha t a proton in the 
projectile will participate in a reaction than a neutron. If protons are scattered 
from the beam, the projectile-like fragment (PLF) which remains will be more 
neutron rich than the incident ion. This means that projectile fragmentation is 
a powerful means to make neutron-rich radioactive beams.
Two types of fragmentation reactions can be considered, namely peripheral 
and central. Measurements have shown that peripheral fragmentation results in 
small transfers of energy and momentum, with the angular distributions of frag­
ments being isotropic in the rest frame of the projectile [Fes92]. As the primary 
beam is characteristically relativistic, this means that the reaction products are 
very forward focussed in the laboratory frame. The most neutron rich fragments 
are generally produced in these peripheral collisions. Central collisions, occurring 
at small impact parameters, result in a high multiplicity of fragments.
The products from fragmentation reactions can range from individual nucleons 
to almost the mass of the beam particle, many of which will be produced at high 
excitations and will undergo subsequent 7  and particle decays. It is necessary to 
filter the beam to increase the proportional abundance of the species of interest.
3.3  M a g n e tic  s e le c tio n  o f  ions
To produce radioactive beams of any level of isotopic purity it is necessary to filter 
the reaction products to reject those which are not of interest. W ith ISOL beams, 
the isotope of interest is selected before acceleration using a mass separator, but, 
this is not the case with a fragmentation beam. A solution to this problem is 
to select the required isotope according to its charge and mass using a magnetic 
filter.
As charged particles move through a magnetic field they experience a force 
which causes their trajectories to bend, such that the radius of curvature is pro­
portional to their momentum and inversely proportional to their charge. The
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relationship between the strength of the magnetic field, the charge and mass of 
the ion is shown in equation 3.1.
Bqv
m v‘
=> Bp
mv
Q
(3.1)
Where q is the charge, v is the velocity. m is the mass p  /s. t+e- mc^neb'6
} ' rigidity.
The kinetic energy of a relativistic heavy ion moving in a magnetic field can 
be calculated combining formula 3.1 with that for the kinetic energy of a body 
moving at relativistic velocities (equation 3.2).
K  =  moc2 (7 —1) (3.2)
Where K  is the kinetic energy, c is the speed of light and 7  and (3 are defined as:
1
7
P =
( W 2)*
V
This gives the energy per nucleon as:
K
A
=  931.5
\
where A is the mass in atomic mass units (AMU).
MeV/A
(3.3)
(3.4)
(3.5)
3 .4  P r o d u c t io n  o f  th e  14B e  b e a m
GANIL is a radioactive beam facility located in Normandy, Prance (a plan of the 
laboratory is shown in figure 3.1). The production of radioactive ion beams (RIB) 
at GANIL is via the fragmentation of primary beams delivered by two coupled 
cyclotrons (CSS1 and CSS2). Either of two electron cyclotron resonance (ECR) 
sources (C01 and C0 2 ) can be selected to provide charged ions of the primary
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beam isotope, which are directed into the first cyclotron. Charged particles within 
the cyclotron magnets move in a circular path. Twice every orbit the ions are 
accelerated by an electric field causing their radius of curvature to increase and 
thus producing a spiral trajectory. The ions reach the outer edge of the cyclotron 
at a maximum kinetic energy and are extracted. Before being injected into the 
second cyclotron the ions pass through a carbon stripper foil (labelled ‘eplucheur’ 
at L2 in figure 3.1) to increase their charge state. The second cyclotron can then 
accelerate the ions of interest to an energy of between 20 and 100 MeV/ nucleon, 
depending on the mass of the ion and the energy of interest. The GANIL facility 
is capable of delivering primary beams of ions from helium to uranium which may 
be fragmented either at SISSI“ (located at L3) or at target positions within the 
experimental areas.
The stable beam delivered from the alpha spectrometer is focussed by four 
quadrupole magnets onto the production target at the entrance of LISE36[Ann87]. 
Since the beam is moving with relativistic energies, the reactions are strongly 
forward focussed in the laboratory frame. Hence, the fragmentation products are 
emitted from the production target at close to 0 ° and at a similar velocity to 
tha t of the primary beam. The quality of the secondary beam, in terms of its 
angular divergence and spread in energy, is as determined by the acceptances of 
the LISE3 achromat (see table 3.1) and is significantly worse than that of stable 
beams. This can be compensated off-line to some degree by measuring the angle 
of emergence and energy of the beam on a particle by particle basis.
LISE3 is doubly achromatic meaning tha t it is achromatic in both angle and 
position. The beam is focussed and guided through the spectrometer by a series 
of quadrupoles along its length. There are two achromats in LISE3, the first con-
“SISSI is an abbreviation of source d ’ions secondaires a supraconducteurs intense, the sec­
ondary ion source of high focusing superconductors.
bLISE is an abbreviation of Ligne d ’lons Super Epluches, the (beara)line of highly-stripped  
ions.
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Figure 3.1: Schematic of the GANIL heavy ion beam facility taken from the 
GANIL website [GANOOa].
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Figure 3 .2 : Schematic of the LISE spectrometer taken from the GANIL website 
[GANOOb].
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sisting of two dipole magnets with a degrader between them at the first dispersive 
focal point. Two smaller dipole magnets form a mini achromat which produces a 
second focal point close to the entrance to the Wien filter. As can be seen from 
equation 3.1, the Bp settings of the dipoles select a given ^  and the degrader
\ 3allows ^2  selection. When there is no degrader in use, the magnetic rigidity in the 
first analysing dipole (Bpx; where p is the radius of curvature of the dipole) must 
be the same as tha t in the second analysing dipole (Bp2) to allow transmission 
of ions through the spectrometer.
The degrader is a thin layer of material, such as aluminium, shaped into a 
curve which is located in the first achromatic focal point of the spectrometer. 
The ions coming through the spectrometer see a different thickness of the de­
grader material depending on their radius of curvature, such that the particles 
with highest momentum pass through the thickest part of the degrader. When 
a degrader is used, the value of Bp2 must be adjusted to take into account the 
particles being slowed down in this material. The value of Bp2 then defines the 
energies of the transm itted particles. By adjusting the magnetic rigidity of the 
dipoles and the angle (hence the effective thickness of the degrader) a range of 
ions with the same y  can be selected from the plethora of fragmentation products 
passing through the spectrometer. At the end of the spectrometer, a Wien filter, 
consisting of crossed electric and magnetic fields, allows extra selectivity by defin­
ing the velocity of interest [Ann92]. At the exit of LISE3 there are adjustable 
slits which are used to restrict the spread in momentum. The reaction target 
is placed at, or close to, the final achromatic focal point. The size of the beam 
spot on the target and the maximum acceptances of the LISE3 mass achromat 
are shown in table 3.1.
In the present work, the beam was produced from the primary reaction o f 18O 
(fully stripped) at 63 MeV/A on a 4 mm thick beryllium target placed at the 
entrance to LISE. At the end of LISE there was a 10% spread in energy of the 
beam, controlled by the exit slits which were set to ±1 mm. During the reaction
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Parameter LISE3
Size of the spot on the target ±0.15 cm
Maximum momentum acceptance ±2.50 %
Target 6 acceptance ±17.4 mrad.
Target </> acceptance ±17.4 mrad.
Table 3.1: Some of the LISE3 optical parameters.
experiments, the dipoles in LISE were tuned in magnetic rigidity to 3.24 Tm and 
3.17 Tm. The beryllium degrader was 551.9 pm  thick. The beam comprised of a 
range of particle types which have similar magnetic rigidity, with the beam purity 
for 14Be of around 35%. The Wien filter was not used during this experiment as 
it would not have improved the purity of the beam to a great degree and may 
have produced additional running problems due to sparking of the necessary high 
voltages across the filter. During the ‘target o u t’ experiment, the beam energy 
was reduced by adjusting the magnetic rigidities of the dipoles to 3.06 Tm  and 
3.00 Tm  to compensate for the loss of energy in the targets.
Calibration experiments to measure the energy and isotope response of the 
charged particle detectors were performed w ithout a wedge degrader at the first 
achromatic focal point. A wider selection of isotopes could pass through the 
spectrometer with no degrader, which allowed more calibration points to be mea­
sured. The two dipoles were tuned to the same value of Bp in this mode as there 
is no loss of energy in the degrader. Calibrations were made with Bpi =  Bp2 =  
2.44 Tm and 2.61 Tm.
3 . 5  T a r g e t  c h a m b e r  a n d  t a r g e t s
The target chamber was placed at the final focus position of LISE and was 
kept under vacuum. The chamber contained the parallel plate avalanche counter
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(PPAC) beam tracking detectors, dE0 energy loss silicon detector, target ladder 
and the charged particle detector telescope, as shown schematically in figure 3.3. 
The reaction targets and an empty target frame for target out measurements 
were mounted on the target ladder, which could be positioned vertically from 
outside the chamber. The chamber itself was designed with thin walls to reduce 
the interactions with neutrons from reactions in the target. This feature is most 
critical for the neutron angular distribution and neutron neutron interferometry 
work which has been published elsewhere [Lab9 9 a], [MarOO].
3 .5 .1  C h o ic e  o f  ta r g e ts
The experiment was planned to measure both the nuclear and the Coulomb disso­
ciation of 14Be. The Coulomb interaction plays an im portant role in reactions on 
high Z targets, whereas the nuclear force dominates for light, low Z targets. For 
this reason two targets were used. A lead target would highlight electromagnetic 
dissociation (EMD) and a carbon would give predominantly nuclear breakup. 
These targets needed to result in the same energy loss for the 14Be ions, so that 
comparisons between these two parts of the experiment could be made, and also 
so tha t only one target out experiment could be used to quantify the background.
3 .5 .2  E n e r g y  lo ss  o f  b e a m  p a r tic le s  in  ta r g e ts
The energy loss in each target was calculated using range difference calculations 
from the differential energy loss, as defined by the Bethe equation, 3.11 and 
calculated in codes such as dEdx [dEdx]. The energy of the ion as it exits the 
mass achromat is found from the magnetic rigidity of the second dipole. The 
energy of the ion is then calculated as it passes through each detector element 
along the beam line as far as the target. W ith the magnetic rigidity of the second 
dipole set to 3.17 Tm, the calculated energy of the 14Be ions before the target 
is 530.46 MeV. The energy loss of the 14Be ions in half the 275 mg/cm 2 thick
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Figure 3.3: Schematic showing the detectors within the reaction chamber. Mea­
surements are in mm.
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carbon target is calculated as below:
Range of 14Be at 530.46 MeV in carbon =  1392.39 m g/cm 2
The range of 14Be at centre of target =  1392.39 - ™ m g/cm 2 =  1254.89 mg/cm2
Range of 14Be at 500.13 MeV =  1254.89 mg/cm 2
Hence, energy loss of 14Be at 530.46 MeV in half of carbon target =  530.46 - 
500.13 MeV =  30.33 MeV.
It is assumed (for the purposes of the energy loss calculation) tha t the reaction 
takes place at this centre point of the target and tha t the exiting 12Be ion has the 
same velocity (i.e. the same energy per nucleon) as the 14Be prior to the reaction. 
Therefore, at the centre of the target the 12Be ion is assumed to have 500.13 X 
1| MeV =  428.68 MeV. The energy loss of the 12Be ion as it passes through the 
second half of the target is calculated in a similar way to th a t above:
Range of 12Be at 428.68 MeV in carbon =  1075.61 mg/cm 2
The range of 12Be as it exits the target =  1075.61 - ™  m g/cm 2 =  938.11 mg/cm 2
Range of 12Be at 396.71 MeV =938.11 mg/cm 2
Hence, energy loss of 12Be at 428.68 MeV in half of carbon target =  428.68 - 
396.71 MeV =  31.97 MeV
Analogous calculations show that a 568 mg/cm 2 thick lead target provides 
similar energy losses for the 14Be ion in the first half of the target (31.29 MeV) 
and for the 12Be ion in the second half of the target (32.86 MeV). These energy 
losses are taken into account in the analysis as described in chapter 4.
3.6 T ra c k in g  a n d  id e n tif ic a tio n  o f  th e  b e a m
It is essential to the analysis tha t the beam particles were measured before the 
target in order to identify the isotope, measure the energy and track each particle 
onto the target. Two position sensitive detectors were placed before the target, 
which enabled the reconstruction of the trajectory of the ion before the target 
and the position where it hit the target. This trajectory, called the ‘particle beam
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axis’, was defined in the subsequent analysis as the z-axis.
The particle identification was made by measuring the time of flight of each ion 
through LISE and the energy loss in a semiconductor detector. The combination 
of these two parameters produced a unique identifier for each isotope. Further, 
the time of flight could be measured to sufficient precision to improve the energy 
resolution of the beam on a particle by particle basis, which was essential for the 
measurement of the longitudinal momentum for 12Be reaction products.
3 .6 .1  P a ra lle l P la te  A v a la n ch e  C o u n ters  (P P A C s)
A parallel plate avalanche counter is a type of gas filled detector consisting for 
example of two aluminzed mylar electrodes separated by a gap containing a third 
electrode in the form of a sheet of doubly-aluminised mylar [Kno89b]. Isobutane 
gas, kept at a pressure of around 10  mb, is ionised by charged ions traversing the 
detector. The electrons liberated from the gas gain energy as they are accelerated 
through the electric field, subsequently ionising more gas molecules. In this way a 
charge avalanche is produced, with a gain of typically 1 0 7, which is detected at the 
anode. A further signal is produced from the collection of the positively charged 
ions, but this is formed much more slowly, so it is discounted for applications 
requiring fast timing.
In addition to providing timing information, the PPACs were used to track 
the beam onto the target. The design used for the PPACs in the present work was 
similar to two detectors of the basic type described above, placed back to back. 
One section was used for measuring the x-position and one for measuring the y- 
position. A grid in the centre of the two outside foils, rather than mylar, was used 
as the anode and the two cathodes were earthed. Each cathode had aluminium 
strips evaporated onto the side facing the anode. These were connected via a 
discrete delay line, resulting in charge division. The position in x or y can be 
calculated from the signals measured from the terminals at either end of the delay
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line, using the formula:
xposition — ^ rigk-t-— - (3.6)
Qright Qleft
where Qright and Qieft denote the signal measured at the right-hand and left-hand 
terminal of the PPAC. Similarly, the y-position can be calculated by replacing
Qright and Ole ft Q top and Obottom•
The PPAC detectors were mounted on a ruled rail. During the PPAC position 
calibrations a mask, made from a sheet of aluminium with a pattern of holes 
drilled through it, was also mounted on this rail and was placed in front of each 
PPAC in turn. The same mask was used in the position calibration of the silicon 
detector in the 0° telescope. The alignment of elements along the optical axis 
of the spectrometer was achieved using an optical telescope set-up on a fiducial 
mount downstream from the target chamber.
3 .6 .2  R e c o n s tr u c t io n  o f  b e a m  p a r tic le  f lig h t p a th
The trajectories of particles in the experiment are described using in-plane and 
out-of-plane angles, as shown in figure 3.4. The in-plane angle is defined as the 
angle between the z-axis and the projection of the velocity vector onto the x-z 
plane. The out-of-plane angle is the enclosed angle between the vector and the 
x-z plane.
The measurements made at PPACl and PPAC2 were combined to give in­
plane and out-of-plane angles for the trajectory of the beam particle relative to 
an optical axis used for alignment of the beamline:
0in — tan - 1  (3.7)
V dpPACs J
8mt =  tan - 1 (  f o z f f )  C0 3 M )  (3 .8)
V dppACs )
Where xi, y1} x2, y2 are the x and y positions measured at PPA Cl and PPAC2 
and dppACs is the distance between PPACl and PPAC2, as shown in figure 3.5.
Using these angles, the positions on the target in x and y are calculated as below:
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Figure 3.4: Diagram showing in-plane and out-of-plane angle definitions.
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Figure 3.5: Schematic plan view of experimental setup before and including tar­
get.
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3 .6 .3  B e a m  p a r tic le  id e n tif ic a t io n
The energy per nucleon, and hence the velocity, of ions is dependent on their
energy loss of a heavy ion passing through an absorber is related to the energy 
and charge of the ion by the Bethe equation [Kno89a]:
and v and 2  are the velocity and charge of the ion, N  and Z  are the number 
density and atomic number of the absorber atoms, m e and e are the rest mass 
and charge of the electron. These two relations allow the unique identification of 
ions passing through the spectrometer by comparing the time of flight of the ion 
against its energy loss in a thin detector.
The time of flight used for the beam particle identification was measured using 
a silicon detector placed before the target (dEo) and the radio frequency (RF) 
signal from the cyclotron, which was related to the time of production of the ion 
by the primary beam interaction. The energy loss measurement was made using 
the same silicon detector which was 300 gm  thick.
Silicon detectors are semi-conductor devices made from a p-n junction, where 
a thin p-type layer is formed at the surface of a bulk n-type material. When the p 
and n type materials come in contact some of the electrons in the n-type material 
will annhilate the holes in the p-type material leaving neutral atoms, increasing 
the resistance close, to the junction. This region is known as the depletion zone as
mass to charge ratio (y ) as described by equation 3.5. Additionally, the specific
(3.11)
where:
(3.12)
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it is depleted of charge carriers. Radiation incident on this junction can produce 
positive and negative charge carriers which will be collected on the n and p side 
of the junction respectively, creating an electrical signal.
However, the field which is created spontaneously when n and p type mate­
rials are placed in contact is very small. An external voltage is applied across 
the junction in the reverse direction, that is the positive terminal is applied to 
the n side of the junction. This reverse bias enlarges the depletion zone by re­
moving electrons from the n side and holes from the p side. It is the depletion 
zone through the bulk n-type material which constitutes the active region of the 
detector. In addition, the increased electric field sweeps any charge carriers pro­
duced in the depletion zone to the terminals more rapidly, reducing the amount of 
trapping and recombination, increasing the probability of total charge collection.
A position sensitive silicon detector was used to measure the charged ions 
after the target (described in section 3.7.1 below). Silicon, doped with boron 
ions, producing p-type material was used for the front surface of the position 
sensitive detector, with pure n-type silicon used on the rear surface, creating a 
p-n junction [Cow97]. This was reverse biased until the depletion zone extended 
throughout the volume of the detector. When a charged ion is incident on a p-n 
junction, many electron-hole pairs are produced, which drift towards the positive 
and negative terminals of the detector respectively. In this way, two separate 
signals can be obtained simultaneously. In position sensitive detectors, the signal 
collected on one surface of the detector is used to measure the energy and the 
charge on the other surface is split and differential charge measurements are made 
to determine the incident position of the radiation.
The left panel of figure 3.6 shows a calculation of where different ions should 
appear in the particle identification plot, from the known settings of the spec­
trometer. All the isotopes with a value of ^  =  3.0 appear at the same place 
in time of flight, separated by their specific energy losses in the silicon detector. 
Isotopes with higher ^  ratios travel slower through the spectrometer and hence
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appear to the right of the ~ =  3.0 ions in the predictions. However, the time of 
flight shown here does not represent a physical distance that the ion has travelled 
but is a relative measure. A consequence of this type of timing against the cy­
clotron RF signal is ‘wrap around’, caused by the timing signal reseting to zero 
at the beginning of each RF cycle. For the GANIL cyclotrons, the RF period is 
91 ns. The measured ToF is the remainder after an integer number of the RF 
periods has been subtracted. Hence, every 91 ns this number returns to zero. 
Comparing the two panels of figure 3.6 we can see that this has happened for the 
11 Li ions which appear in the measured particle identification plot in the same 
column as the ^  =  3.0 species.
3 .7  D e te c to r s  a f te r  th e  ta r g e t
It was necessary for charged particles and neutrons from the decay of 13Be to be 
identified and their energy and position measured. In the case of the charged 
particles the identification was made using two detectors, one to measure the 
energy loss and one to measure the residual energy. A position sensitive silicon 
detector (PSD) was used as the passing detector and a Csl detector was used to 
stop the ions. The to tal energy of the ion can be found by summing the energy 
loss and residual energy of the ion. The energy of the neutrons was found from 
their time of flight and the position of the discrete detector module hit.
3 .7 .1  C h a rg ed  p a r tic le  d e te c to r  te le sc o p e  
Position sensitive silicon detectors
The type of position sensitive detector used in the detector telescope, is 500 pm  
thick and has a resistive sheet produced by ion implantation on the front surface 
of the silicon, which acts as a charge divider. The amount of charge measured 
at the terminal at each corner of the detector (see figures 3.7) is dependent on
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Figure 3.7: Schematic of a Position Sensitive Silicon Detector
the distance of tha t terminal from the position where the radiation was incident, 
relative to the distance of the other terminals. Hence, the position of the incidence 
can be found from the equation:
xposiUon =  q Y q Y q Y q I ' ( 3 - 1 3 )
y p o s i t i m  =  ( 3 ' 1 4 )
Where Q a - d  represent the charges measured at the terminals A-D.
If the front face of the detector were to be formed simply from one resistive 
sheet of silicon, the edges of the detector would have an infinite effective resis­
tance. Thus, the resistance across the surface of the detector would be a function 
of position. To remedy this effect, a low resistance path is formed around the 
perimeter of the detector, connecting the four corners, to mimic the resistance of 
an infinite sheet of silicon. This improves the linearity of the detector, but also 
causes problems. W ith this low resistance path connecting all four terminals, 
charge fluctuations at one terminal can produce measurable effects on the signals 
produced at the other three. The contribution to the position resolution from
thermal noise increases as the time constant of the amplifier increases. However,
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a long shaping time is necessary due to the large capacitance of the detector and 
the resistance of the resistive layer, leading to a large value of the time constant, 
RC.
C aesiu m  Io d id e  (C sl) D e tec to rs
Caesium Iodide is an inorganic scintillation material which can be used to mea­
sure radiation. Scintillation occurs when electrons resident in the valence band 
are excited into the conduction band and then de-excite, releasing a photon. Ac­
tivators can be added to the crystal lattice of an inorganic scintillator to increase 
the probability of a visible photon being produced by providing states within the 
forbidden band which have transition energies smaller than those between the 
conduction band and valence band. The crystal is covered in aluminised mylar 
to increase light capture and to reduce detection of external light. The output of 
caesium iodide detectors is not a simple function of the energy, but depends also 
on the charge and mass of the incident ion.
The heavy ions from the reaction, as well as the direct beam particles, were 
stopped in the Csl element of the 0 ° detector telescope. Reactions of beam 
particles with the Csl detector may produce neutrons, constituting a background 
in the analysis. This problem occurs when the incident ion is 14Be, which has 
the same velocity and charge, and therefore the same energy loss, as the 12Be 
ions from the reaction of interest. The thickness of the Csl detector was chosen 
to ensure tha t all of the heavy ions, including the beam ion, stopped in the 
detector. However, it was also required tha t this detector be thin enough reduce 
the scattering of neutrons from reactions in the target. For 14Be at 440.96 MeV, 
the energy after passing through the silicon detector, the range in Csl is only 
4 mm. The lighter isotopes which were present in the beam have longer ranges, 
for instance, 6He at 295.92 MeV has a range of 14.8 mm. It was important that 
all the beam particles, not just 14Be were stopped in the C sl detector, so a 2 .5  cm 
Csl detector was chosen.
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3 .7 .2  D e M o N
DeMoN (Detecteur Modulaire de Neutrons) is an array of 99 liquid scintillator 
(NE213) detectors, designed for measuring neutrons [Mou95]. Each detector 
module is 20 cm long and 16 cm in diameter. The modular character of the 
array allows for large angular coverage with a good degree of granularity. As the 
interactions of neutrons with m atter are weak compared with those of charged 
particles and the interaction cross-section is dependent on the incident energy, it 
is important to chose a detector material which has a high efficiency for detecting 
neutrons at the energy of interest. The neutrons coming from the reaction are 
expected in the present case to have similar velocities to the projectiles at the 
centre of the target, which implies energies of the order of a few tens of MeV. The 
principal reactions of interest in the scintillator material are the elastic scattering 
of neutrons on protons and on 12 C, which at an incident energy of 24 MeV have 
reaction cross-sections of 0.406 b and 0.900 b respectively [Lab99a].
Neutrons incident on the scintillation detectors can scatter on charged parti­
cles in the material. Light, for instance a 7 -ray, can interact with the scintillation 
material to liberate electrons. These charged particles will produce excitations 
in the atoms of the liquid scintillator material, causing fluorescence in a similar 
way to tha t described above for the Csl scintillator. This weak light signal is 
converted into charge in a photo-cathode which is located behind the scintilla­
tor material. This signal is in turn amplified in a photomultiplier (Philips type 
XP4512B) from where it is fed into the data acquisition system for digitisation 
and read out.
The speed with which the charge is detected from the interactions in the 
scintillator material is dependent on the nature of the incoming particle or 7 - 
ray. By separating the ‘fast’ component of the collected charge from the ‘slow’ 
component using pulse shape discrimination it is possible to distinguish neutrons 
from charged particles and electromagnetic radiation. This is done by measuring
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Figure 3.9: Perspective drawing showing DeMoN detector configuration in rela­
tion to target chamber and beam axis, kindly donated by M.Labiche
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t h e  c h a r g e  u s i n g  t w o  c h a r g e  t o  d i g i t a l  c o n v e r t e r s  ( Q D C ) ,  o n e  o f  w h i c h  h a s  i t s  
i n t e g r a t i o n  g a t e  d e l a y e d  b y  6 0  n s .  T h i s  s e c o n d  Q D C  m e a s u r e s  t h e  t a i l  o r  s l o w e r  
c o m p o n e n t  o f  t h e  c h a r g e  s i g n a l ,  t h e  m a g n i t u d e  o f  w h i c h ,  i n  c o m p a r i s o n  t o  t h e  
t o t a l  c h a r g e  c o l l e c t e d ,  i s  c h a r a c t e r i s t i c  o f  t h e  i n c i d e n t  p a r t i c l e .  T h e  e n e r g y  o f  
n e u t r o n s  i s  f o u n d  f r o m  t h e  t i m e  o f  f l i g h t  o f  t h e  n e u t r o n  f r o m  t h e  t a r g e t  t o  t h e  
m o d u l e .
T h e  c o n f i g u r a t i o n  o f  t h e  d e t e c t o r  m o d u l e s  w a s  c h o s e n  t o  r e d u c e  t h e  p r o b a ­
b i l i t y  o f  c r o s s - t a l k ,  t h a t  i s  a  s i n g l e  n e u t r o n  b e i n g  m e a s u r e d  i n  a  s e c o n d  m o d u l e  
a f t e r  b e i n g  s c a t t e r e d  f r o m  t h e  f i r s t .  T h i s  w a s  a n  i m p o r t a n t  f a c t o r  f o r  t h e  t w o  
n e u t r o n  c o i n c i d e n c e  m e a s u r e m e n t s  o f  t h e  b r e a k u p  o f  1 4 B e  a n d  i s  p r e s e n t e d  i n  
d e t a i l  i n  t h e  t h e s i s  o f  M .  L a b i c h e  [ L a b 9 9 a ] .  T h e  c o n f i g u r a t i o n  t h a t  w a s  a d o p t e d  
w a s  a  c o m p r o m i s e  b e t w e e n :  ( 1 )  a  l a r g e  a n g u l a r  a c c e p t a n c e  a n d  l o w  l e v e l s  o f  c r o s s ­
t a l k ,  w i t h  t h e  m o d u l e s  a t  l a r g e  s p a c i n g s ,  a n d  ( 2)  a  h i g h  g e o m e t r i c a l  e f f i c i e n c y  f o r  
c l o s e  p a c k e d  g e o m e t r y .  I t  w a s  o p t i m i s e d  b y  p e r f o r m i n g  M o n t e - C a r l o  s i m u l a t i o n s .  
T h e  f i n a l  d e s i g n  e m p l o y e d  a  s t a g g e r e d  g e o m e t r y ,  a s  s h o w n  i n  f i g u r e s  3 . 8  a n d  3 . 9 .  
C r o s s - t a l k  e v e n t s  c o u l d  b e  r e j e c t e d  e f f i c i e n t l y  u s i n g  a  s o f t w a r e  f i l t e r .
3.8 Electronics and d a ta  acquisition
T h e  s i g n a l s  f r o m  t h e  d e t e c t o r s  w e r e  a m p l i f i e d ,  d i g i t a l l y  e n c o d e d  a n d  w r i t t e n  a s  
d a t a  s t r e a m s  t o  t a p e  f i l e s  f o r  l a t e r  o f f - l i n e  a n a l y s i s .  S i m u l t a n e o u s l y ,  a  f r a c t i o n  
o f  t h e  d a t a  w a s  s a m p l e d  b y  c o m p u t e r s  w h i c h  m o n i t o r e d  t h e  e x p e r i m e n t  o n - l i n e .  
S c a l e r s ,  w h i c h  c o u n t e d  t h e  n u m b e r  o f  l o g i c a l  t r i g g e r  s i g n a l s ,  o r  t h e  n u m b e r s  
o f  v a r i o u s  o t h e r  l o g i c a l  s i g n a l s  f r o m  t h e  e l e c t r o n i c s ,  w e r e  a l s o  u s e d  a s  a  c h e c k  
a t  t h e  t i m e  o f  t h e  e x p e r i m e n t .  T o  r e d u c e  t h e  a m o u n t  o f  d a t a  w r i t t e n  t o  t a p e ,  
g a t i n g  r e q u i r e m e n t s  c a n  b e  i m p o s e d  u s i n g  l o g i c  e l e c t r o n i c s .  H o w e v e r ,  a s  t h e  b e a m  
r a t e  f o r  t h e  e x p e r i m e n t  w a s  r e l a t i v e l y  l o w  ( l e s s  t h a n  4 0 0  p a r t i c l e s  p e r  s e c o n d ) ,  
t h e  t r i g g e r  c r i t e r i o n  d i d  n o t  n e e d  t o  b e  h i g h l y  r e s t r i c t i v e .  I n d e e d ,  t h e  t r i g g e r  
r e q u i r e m e n t  u s e d  w a s  a  p a r t i c l e  h i t t i n g  t h e  s i l i c o n  d e t e c t o r  i n  f r o n t  o f  t h e  t a r g e t
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CHAPTER 3. EXPERIMENTAL 84
( A E o ) .
S e v e r a l  t y p e s  o f  s i g n a l s  a r e  n e c e s s a r y  t o  t h e  i d e n t i f i c a t i o n  a n d  m e a s u r e m e n t  
o f  t h e  p a r t i c l e s  i n v o l v e d  i n  t h e  r e a c t i o n .  I n  s o m e  c a s e s ,  s u c h  a s  f o r  t h e  P P A C s  
d i r e c t l y  b e f o r e  t h e  t a r g e t  a n d  t h e  h e a v y  i o n  d e t e c t o r  t e l e s c o p e ,  i t  i s  t h e  s i z e  o f  
t h e  s i g n a l  f r o m  t h e  d e t e c t o r  w h i c h  i s  i m p o r t a n t .  I n  o t h e r  c a s e s ,  i t  i s  t h e  t i m e  d i f ­
f e r e n c e  b e t w e e n  d i f f e r e n t  d e t e c t o r  s i g n a l s  w h i c h  g i v e s  t h e  n e c e s s a r y  i n f o r m a t i o n .  
T h e  p o s i t i o n  s i g n a l s  f r o m  P P A C s  1 a n d  2 , a l o n g  w i t h  t h e  e n e r g y  a n d  p o s i t i o n  
s i g n a l s  f r o m  A E 0 a n d  t h e  t e l e s c o p e ,  w e r e  p r e - a m p l i f i e d  c l o s e  t o  t h e  d e t e c t o r s ,  t o  
r e d u c e  t h e  n o i s e  l e v e l  t h r o u g h  t h e  c a b l e s  t o  t h e  d a t a  a c q u i s i t i o n  a r e a  w h e r e  t h e  
s i g n a l s  w e r e  s h a p e d  a n d  a m p l i f i e d ,  t h e n  c o d e d  i n  a n a l o g u e  t o  d i g i t a l  c o n v e r t e r s  
( A D C ) .
A s  t h e  e n e r g y  o f  t h e  b e a m  p a r t i c l e  a n d  i t s  p a r t i c l e  t y p e  w e r e  f o u n d  f r o m  t h e  
t i m e  o f  f l i g h t  ( T o F )  t h r o u g h  a n d  a f t e r  t h e  s p e c t r o m e t e r  a  n u m b e r  o f  m e a s u r e ­
m e n t s  o f  i t s  t i m e  o f  f l i g h t  w e r e  t a k e n .  T h e s e  m e a s u r e m e n t s  w e r e  m a d e  i n  t i m e  
t o  a m p l i t u d e  c o n v e r t e r s  ( T A C )  w h i c h  c o n v e r t  t i m e  i n t e r v a l s  t o  v o l t a g e s ,  A  l o g i c  
s i g n a l  s t a r t s  a  v o l t a g e  r a m p  w h i c h  i s  s t o p p e d  b y  a  s e c o n d  l o g i c  s i g n a l .  T h e  f i n a l  
v o l t a g e  i n  t h e  T A C  d e n o t e s  a  t i m e  i n t e r v a l .  T i m i n g  s i g n a l s  f r o m  P P A C s  1 a n d  
2 a n d  A E o  w e r e  m e a s u r e d  i n d e p e n d e n t l y  a g a i n s t  t h e  s i g n a l  f r o m  t h e  c a t h o d e  o f  
P P A C O  a n d  t h e  r a d i o  f r e q u e n c y  o f  t h e  s e c o n d  c y c l o t r o n .  I t  i s  t h e  t i m i n g  o f  t h e s e  
s i g n a l s  w h i c h  i s  i m p o r t a n t  a n d  n o t  t h e  p e a k  h e i g h t ,  t h e r e f o r e  f a s t  t i m i n g  f i l t e r  
a m p l i f i e r s  ( T F A )  w e r e  u s e d .  I t  i s  i m p o r t a n t  t h a t  t h e  ‘s t a r t ’ a n d  ‘s t o p ’ s i g n a l s  
t o  t h e  T A C s  a r i s e  o n l y  f r o m  r e a l  e v e n t s  i n  t h e  d e t e c t o r s  a n d  n o t  f r o m  t h e  b a c k ­
g r o u n d  n o i s e .  A  c o n s t a n t  f r a c t i o n  d i s c r i m i n a t o r  ( C F D )  w a s  u s e d  a f t e r  e a c h  T F A  
t o  e l i m i n a t e  n o i s e  w h i c h  c o u l d  o t h e r w i s e  t r i g g e r  t h e  T A C s .  E a c h  o u t p u t  f r o m  
t h e  T A C s  w a s  f e d  i n t o  a n  A D C ,  w h i c h  d i g i t a l l y  e n c o d e d  t h e  s i g n a l .
W h e r e  t h e  s a m e  l o g i c a l  s i g n a l  w a s  r e q u i r e d  f o r  a  n u m b e r  o f  l o g i c a l  o p e r a t i o n s  
w i t h i n  t h e  e l e c t r o n i c s ,  i t  w a s  s p l i t  i n  a  f a n - i n / f a n - o u t  m o d u l e  ( F I F O ) .  T h e  t r i g g e r  
w a s  s e n t  t o  t h e  D e M o N  e l e c t r o n i c s  a n d  a c q u i s i t i o n  s y s t e m ,  w h i c h  c o n t r o l s  t h e  
w r i t i n g  o f  d a t a  t o  t a p e .  W h e n  t h e  t r i g g e r  r e q u i r e m e n t  i s  m e t ,  t h e  d a t a  a c q u i s i t i o n
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s y s t e m  r e a d s  a l l  t h e  A D C s  a n d  T D C s  a n d  w r i t e s  t h e  d a t a  t o  a  m e m o r y  b u f f e r ,  
w h i c h  i s  e v e n t u a l l y  s t o r e d  t o  t a p e .  A s  e a c h  A D C  o r  T D C  i s  r e a d  i t  i s  c l e a r e d  
a n d  a t  t h e  e n d  o f  t h e  e v e n t  a l l  c o n v e r s i o n  m o d u l e s  a r e  r e s e t ,  r e a d y  f o r  t h e  n e x t  
e v e n t .
T h e  p r o c e s s i n g  o f  s i g n a l s  f o r  t h e  D e M o N  a r r a y  i s  c o n t r o l l e d  b y  V X I  e l e c t r o n i c s .  
F o r  s i m p l i c i t y ,  i n  f i g u r e  3 . 1 0  o n l y  o n e  V X I  c a r d  i s  s h o w n  a l t h o u g h  t h e r e  i s  o n e  
f o r  e a c h  D e M o N  d e t e c t o r  m o d u l e .  T h e  s i g n a l  p r o d u c e d  b y  t h e  p h o t o m u l t i p l i e r  
o f  e a c h  D e M o N  m o d u l e  i s  s p l i t  a s  i t  e n t e r s  t h e  V X I  c a r d  f o r  t h a t  d e t e c t o r  i n  
t h e  D e M o N  d a t a  a c q u i s i t i o n  s y s t e m ,  p r o d u c i n g  a  l o g i c  s i g n a l  a n d  t w o  a n a l o g u e  
s i g n a l s .  T h e  l o g i c  s i g n a l  i s  u s e d  t o  s t a r t  a  T A C  i n s i d e  t h e  V X I  c a r d  w h i c h  i s  
s t o p p e d  b y  a  v a l i d a t e d  t r i g g e r  ( o r i g i n a t i n g  f r o m  t h e  A E 0 c o n d i t i o n ) .  T h i s  g i v e s  
t h e  t i m e  o f  f l i g h t  s i g n a l  n e c e s s a r y  f o r  m e a s u r i n g  t h e  n e u t r o n  e n e r g y .  T h e  t w o  
a n a l o g u e  s i g n a l s  a r e  g a t e d  u s i n g  a  t i m e  r e f e r e n c e  p r o d u c e d  f r o m  t h e  v a l i d a t e d  
t r i g g e r  a n d  s e n t  t o  t w o  Q D C s .  O n e  o f  t h e  g a t e s  i s  s e t  s o  t h a t  j u s t  t h e  t a i l  o f  t h e  
s i g n a l  p a s s e s  t h r o u g h  t o  t h e  Q C D .  I n s i d e  t h e  Q C D s  t h e  c h a r g e  f r o m  t h e  g a t e  i s  
i n t e g r a t e d  g i v i n g  o n e  s i g n a l  w h i c h  i s  a  m e a s u r e  o f  t h e  t o t a l  c h a r g e  c o l l e c t e d  a n d  
o n e  w h i c h  i s  j u s t  t h e  s l o w  c h a r g e .  T h e s e  t w o  c h a r g e  s i g n a l s  a r e  n e c e s s a r y  f o r  t h e  
p a r t i c l e  t y p e  d i s c r i m i n a t i o n ,  a s  d e s c r i b e d  a b o v e  i n  s e c t i o n  3 . 7 . 2 .
3.9 Sum m ary of experim ental param eters
T h e  e x p e r i m e n t  d e s c r i b e d  i n  t h i s  w o r k  w a s  n u m b e r  E 2 9 5  a t  t h e  G A N I L  l a b o r a ­
t o r y  [ O r r 9 6 ] .  T h e  e x p e r i m e n t a l  p a r a m e t e r s  u s e d  i n  t h i s  e x p e r i m e n t  a r e  d e s c r i b e d  
b e l o w .
T h e  t o t a l  r e s o l u t i o n  i n  p o s i t i o n  ( a n g l e )  a n d  e n e r g y  f o r  t h e  e x p e r i m e n t  i s  r e ­
l a t e d  t o  t h e  i n d i v i d u a l  r e s o l u t i o n s  o f  t h e  d e t e c t o r s  a n d  t h e  q u a l i t y  o f  t h e  s e c o n d a r y  
b e a m .  T h e  e x p e c t e d  r e s o l u t i o n s  f o r  p a r a m e t e r s  m e a s u r e d  d u r i n g  t h e  e x p e r i m e n t  
a r e  l i s t e d  b e l o w .  T h e  t o t a l  r e s o l u t i o n  i n  p o s i t i o n ,  e n e r g y  a n d  m o m e n t u m  w e r e  
m e a s u r e d  d u r i n g  t h e  c a l i b r a t i o n s  b y  l o o k i n g  a t  t h e  f u l l  w i d t h  h a l f  m a x i m u m
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P a r a m e t e r V a l u e
P r i m a r y  b e a m  i s o t o p e 1 8 Q
P r i m a r y  b e a m  e n e r g y 6 3  M e V / A
P r i m a r y  b e a m  i n t e n s i t y 1 . 5  x  1 0 12 p p s
P r i m a r y  t a r g e t N a t u r a l  b e r y l l i u m
T a b l e  3 . 2 :  T a b l e  s h o w i n g  s e c o n d a r y  b e a m  p r o d u c t i o n  p a r a m e t e r s
P a r a m e t e r T a r g e t  i n T a r g e t  O u t
B p i 3 . 2 4  T m 3 . 0 6  T m
B p 2 3 . 1 7  T m 3 . 0 0  T m
W e d g e  d e g r a d e r N a t u r a l  B e ,  4  m m  t h i c k N a t u r a l  B e ,  4  m m  t h i c k
S l i t s 1 m m 1 m m
A c c e p t a n c e  ( e n e r g y ) 10% 10%
I n t e n s i t y 1 3 3  p p s 1 3 3  p p s
T a b l e  3 . 3 :  S p e c t r o m e t e r  s e t t i n g s  a n d  b e a m  p a r a m e t e r s
P a r a m e t e r  C a r b o n  L e a d
T h i c k n e s s  2 7 5  m g / c m 2 5 7 8  m g / c m 2
E n e r g y  o f  1 4 B e  a t  c e n t r e  o f  t a r g e t  3 5 . 7  M e V / A  3 5 . 7  M e V / A
T a b l e  3 . 4 :  T a r g e t  p a r a m e t e r s
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D e t e c t o r A c t i v e  a r e a T h i c k n e s s D i s t a n c e  f r o m  t a r g e t
P P A C l 1 3 0  m m  x  1 4 0  m m 2 8  m m - 6 0 2  m m
P P A C 2 1 3 0  m m  x  1 4 0  m m 2 8  m m - 2 7 8  m m
A E o 5 0  x  5 0  m m 2 3 0 0  p m
S i l i c o n 5 0  x  5 0  m m 2 5 0 0  p m 1 0 4  m m
C s l 5 0  x  5 0  m m 2 2 . 5  c m 1 1 6  m m
D e M o N  m o d u l e 7r x  1 6  c m 2 20 c m 1 9 0  t o  6 5 0  c m
T a b l e  3 . 5 :  D e t e c t o r  p a r a m e t e r s
( F W H M )  f o r  t h e s e  p a r a m e t e r s  w i t h  t h e  t a r g e t  o u t  d a t a .
T h e  r e s o l u t i o n  o f  P P A C 2 w a s  t w i c e  t h a t  o f  P P A C l  d u e  t o  a  w i r i n g  p r o b l e m ,  
w h i c h  w i l l  b e  d e s c r i b e d  i n  t h e  n e x t  c h a p t e r .  T h i s  h a d  a n  i m p a c t  o n  t h e  t o t a l  
p o s i t i o n  r e s o l u t i o n  f o r  t h e  e x p e r i m e n t .  T h e  e n e r g y  o f  t h e  b e a m  p a r t i c l e  a n d  
t h e  n e u t r o n  w e r e  f o u n d  f r o m  t h e i r  t i m e  o f  f l i g h t s ,  t h u s  t h e i r  r e s o l u t i o n s  w e r e  
d e t e r m i n e d  b y  t h e  r e s o l u t i o n  o f  t h e  T D C  m o d u l e .
I n  c h a p t e r  5  t h e  s i m u l a t e d  a n d  m e a s u r e d  r e s o l u t i o n s  f o r  t h e  f i n a l  p a r a m e t e r s  
w i l l  b e  p r e s e n t e d .
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P a r a m e t e r E x p e c t e d  R e s o l u t i o n
P o s i t i o n  a t  P P A C l 1 m m
P o s i t i o n  a t  P P A C 2 2 m m
P o s i t i o n  o f  h e a v y  i o n  a t  S i  d e t e c t o r 1 m m
T o t a l  a n g u l a r  r e s o l u t i o n  f o r  h e a v y  i o n 2°
B e a m  p a r t i c l e  T o F 1.0 n s
E n e r g y  o f  h e a v y  i o n  i n  S i  d e t e c t o r 2 0 0  k e V
E n e r g y  o f  h e a v y  i o n  i n  C s l  d e t e c t o r 4  M e V
N e u t r o n  T o F 1 . 5  n s
A n g u l a r  r e s o l u t i o n  f o r  n e u t r o n B e t w e e n  1 . 4 °  a n d  3 . 6 ° .
T a b l e  3 . 6 :  E x p e c t e d  r e s o l u t i o n s  f o r  d e t e c t i o n  s y s t e m
C h a p t e r  4  
A n a l y s i s
T h e  i n v a r i a n t  m a s s  o f  1 3 B e  w a s  r e c o n s t r u c t e d  f r o m  c o i n c i d e n c e  m e a s u r e m e n t s  b e ­
t w e e n  1 2 B e  i o n s  a n d  n e u t r o n s  f r o m  t h e  r e a c t i o n  o f  1 4 B e  o n  t a r g e t s  o f  c a r b o n  a n d  
l e a d .  T h a t  i s ,  t h e  r e l a t i v e  e n e r g y  b e t w e e n  t h e  12B e  c o r e  a n d  t h e  n e u t r o n  w a s  c a l ­
c u l a t e d  f r o m  t h e i r  o b s e r v e d  e n e r g i e s  a n d  a n g l e s .  T o  p e r f o r m  t h i s  a n a l y s i s ,  i t  w a s  
f i r s t  n e c e s s a r y  t o  s e l e c t  e v e n t s  w h i c h  c o n t a i n e d  t h e  c o r r e c t  p a r t i c l e s  i n  t h e  i n i t i a l  
a n d  f i n a l  s t a t e s .  T h e  s e l e c t i o n  r e q u i r e m e n t s  w e r e  i m p o s e d  u s i n g  s o f t w a r e  g a t e s  
s e t  o n  o n e  a n d  t w o  d i m e n s i o n a l  s p e c t r a .  O n c e  t h e  e v e n t s  o f  i n t e r e s t  h a d  b e e n  
s e l e c t e d ,  t h e  p o s i t i o n  a n d  e n e r g i e s  o f  a l l  t h e  d e t e c t e d  p a r t i c l e s  w e r e  d e t e r m i n e d .  
T h i s  r e q u i r e d  c a r e f u l  c a l i b r a t i o n s  o f  t h e  d e t e c t o r s .  T o  c o r r e c t  f o r  t h e  p o o r  o p t i ­
c a l  p r o p e r t i e s  o f  t h e  r a d i o a c t i v e  b e a m ,  t r a c k i n g  d e t e c t o r s  w e r e  u s e d  t o  t r a n s f o r m  
p o s i t i o n  a n d  a n g l e  m e a s u r e m e n t s  i n t o  a  c o o r d i n a t e  s y s t e m  d e f i n e d  b y  t h e  t r a j e c ­
t o r y  o f  t h e  p r o j e c t i l e .  L a t e r  i n  t h e  a n a l y s i s ,  a  n u m b e r  o f  t r a n s f o r m a t i o n s  b e t w e e n  
r e f e r e n c e  f r a m e s  w e r e  r e q u i r e d  a n d  a  g e n e r i c  m e t h o d  f o r  a c c o m p l i s h i n g  t h i s  w a s  
d e v i s e d .  M e t h o d s  f o r  e x t r a c t i n g  t h e  m o m e n t u m  d i s t r i b u t i o n s  o f  n e u t r o n s  a n d  
c o r e  p a r t i c l e s ,  t h e i r  r e l a t i v e  a n g u l a r  d i s t r i b u t i o n s  a n d  t h e  i n v a r i a n t  m a s s  s p e c t r a  
a r e  d e s c r i b e d  i n  t h i s  c h a p t e r .
I n  s e c t i o n  4 . 1 ,  t h e  d e t a i l s  o f  t h e  e v e n t  s e l e c t i o n  a r e  d e s c r i b e d ,  w i t h  a l l  t h e  
d e t a i l s  o f  t h e  v a r i o u s  c a l i b r a t i o n s  a n d  g a i n - m a t c h i n g  p r o c e d u r e s  d e f e r r e d  u n t i l  
s e c t i o n  4 . 2 .
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4.1 Selection of events
4 . 1 . 1  B e a m  p a r t i c l e  i d e n t i f i c a t i o n
T h e  s p e c i e s  o f  e a c h  b e a m  p r o j e c t i l e  w a s  f o u n d  o n  a  p a r t i c l e  b y  p a r t i c l e  b a s i s  f r o m  
t h e  t i m e  o f  f l i g h t  t h r o u g h  L I S E  a n d  t h e  e n e r g y  l o s s  i n  a  t h i n  s i l i c o n  d e t e c t o r  A E 0 , 
a s  d e s c r i b e d  i n  s e c t i o n  3 . 6 .  A n  e x a m p l e  o f  t h i s  b e a m  p a r t i c l e  i d e n t i f i c a t i o n  ( P I )  i s  
s h o w n  i n  f i g u r e  4 . 1 .  T h e  y  =  3 . 0  i s o t o p e s  15B ,  12B e ,  9 L i  a n d  6 H e  a r e  i n  a  v e r t i c a l  
c o l u m n  a t  t h e  l e f t  o f  t h e  s p e c t r u m ,  a l o n g  w i t h  11 L i  ( s e e  f i g u r e  3 . 6 ) .  H o w e v e r ,  
t h e  1 4 B e  i o n s  a r e  w e l l  s e p a r a t e d  f r o m  t h e s e  m a j o r  b e a m  c o n t a m i n a n t s  i n  t i m e  
o f  f l i g h t ,  n e a r  t h e  c e n t r e  o f  t h e  s p e c t r u m .  A  t w o - d i m e n s i o n a l  g a t e  w a s  d r a w n  
a r o u n d  t h i s  g r o u p ,  t h e  e f f e c t  o f  w h i c h  c a n  b e  s e e n  i n  t h e  r i g h t  h a n d  p a n e l  o f  
f i g u r e  4 . 1 .
4 . 1 . 2  H e a v y  i o n  p a r t i c l e  i d e n t i f i c a t i o n
B e f o r e  a n y  i n f o r m a t i o n  f r o m  t h e  s i l i c o n  d e t e c t o r  w a s  u s e d ,  i t  w a s  f i r s t  c h e c k e d  t h a t  
a l l  f i v e  s i g n a l s  w e r e  p r e s e n t  f o r  e a c h  e v e n t ,  s o  t h a t  b o t h  e n e r g y  a n d  p o s i t i o n  w e r e  
w e l l  m e a s u r e d .  T h e  f o u r  c o r n e r s  a n d  t h e  e n e r g y  s i g n a l  f r o m  t h e  s i l i c o n  d e t e c t o r  
w e r e  g a i n  m a t c h e d  b y  t h e  m a t c h s t i c k s  c a l i b r a t i o n  ( s e c t i o n  4 . 2 . 1 ) .  H e n c e ,  t h e  s u m  
o f  t h e  f o u r  c o r n e r  s i g n a l s  s h o u l d  g i v e  t h e  s a m e  v a l u e  a s  t h e  e n e r g y  s i g n a l  f r o m  
t h e  c o n n e c t i o n  o n  t h e  b a c k  f a c e .  H o w e v e r ,  t h e  s h o r t  s h a p i n g  t i m e s  n e e d e d  t o  
m i n i m i s e  n o i s e  o n  t h e  p o s i t i o n  s i g n a l s  c a n  r e s u l t  i n  s l o w  f o r m i n g  p o s i t i o n  s i g n a l s  
b e i n g  l o s t .  A l s o ,  t h e r e  a r e  l o s s e s  d u e  t o  t h e  t i m e  o f  s i g n a l  f o r m a t i o n  a s  c h a r g e  
i s  c o l l e c t e d  a c r o s s  t h e  r e s i s t i v e  s h e e t  w h i c h  c a n  m a k e  t h e  s u m  o f  t h e  p o s i t i o n  
s i g n a l s  d i f f e r e n t  f r o m  t h e  d i r e c t  e n e r g y  m e a s u r e m e n t .  W h e n  p l o t t e d  a g a i n s t  o n e  
a n o t h e r ,  a l l  c o m p l e t e  e v e n t s  l i e  c l o s e  t o  a  s t r a i g h t  l i n e  w h i c h  h a s  a  g r a d i e n t  o f  
j u s t  l e s s  t h a n  o n e  a s  c a n  b e  s e e n  i n  f i g u r e  4 . 2 .  T h o s e  e v e n t s  w i t h  o n e  o r  m o r e  
c o r n e r  s i g n a l s  m i s s i n g  l i e  b e l o w  t h i s  l i n e  a n d  e v e n t s  w h e r e  t h e  e n e r g y  s i g n a l  i s  
m i s s i n g  l i e  a l o n g  t h e  y - a x i s .  A  t w o - d i m e n s i o n a l  g a t e  w a s  p l a c e d  o n  t h i s  s p e c t r u m
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F i g u r e  4 . 1 :  B e a m  P a r t i c l e  I d e n t i f i c a t i o n  s p e c t r a ,  w i t h  a n d  w i t h o u t  1 4 B e  c u t .  T h e  
t i m e - o f - f l i g h t  m e a s u r e m e n t  i s  w i t h  r e s p e c t  t o  t h e  c y c l o t r o n  R F ,  f o r  m a x i m u m  
e f f i c i e n c y ,  a n d  e x h i b i t s  w r a p a r o u n d  a s  d i s c u s s e d  i s  s e c t i o n  3 . 6. 3 .
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F i g u r e  4 . 2 :  S p e c t r u m  c o m p a r i n g  t h e  s u m m e d  p o s i t i o n  s i g n a l s  w i t h  t h e  s e p a r a t e  
e n e r g y  s i g n a l  f o r  t h e  p o s i t i o n  s e n s i t i v e  s i l i c o n  d e t e c t o r
t o  r e m o v e  t h e  s m a l l  f r a c t i o n  o f  d e f e c t i v e  e v e n t s .
W i t h  t h e  f a u l t y  e v e n t s  f r o m  t h e  s i l i c o n  d e t e c t o r  d i s c a r d e d ,  i t  i s  n o w  p o s s i b l e  
t o  c r e a t e  a  p a r t i c l e  i d e n t i f i c a t i o n  s p e c t r u m  f o r  t h e  e m e r g e n t  h e a v y  i o n  i n  t h e  
s i l i c o n - c a e s i u m  i o d i d e  t e l e s c o p e .  A s  a b o v e  f o r  t h e  b e a m  p a r t i c l e  i d e n t i f i c a t i o n ,  
w e  r e l y  o n  t h e  c h a r a c t e r i s t i c  e n e r g y  l o s s e s  o f  i o n s  p a s s i n g  t h r o u g h  a n  i o n i s a b l e  
m a t e r i a l  a s  d e s c r i b e d  b y  t h e  B e t h e  e q u a t i o n  ( e q u a t i o n  3 . 1 1 )  t o  s e p a r a t e  i s o t o p e s  
i n  t w o  d i m e n s i o n a l  s p e c t r a .  H e r e  t h e  e n e r g y  l o s s  i n  t h e  p o s i t i o n  s e n s i t i v e  s i l i c o n  
d e t e c t o r  i s  p l o t t e d  a g a i n s t  t h e  r e s i d u a l  e n e r g y  a s  m e a s u r e d  i n  t h e  C s l  d e t e c t o r .  
T h e  d i f f e r e n t  i o n s  p r o d u c e d  i n  t h e  r e a c t i o n  l i e  o n  h y p e r b o l e  d e f i n e d  b y  t h e i r  
c h a r g e  a n d  m a s s .
F i g u r e  4 . 3  s h o w s  t h e  p a r t i c l e  i d e n t i f i c a t i o n  p l o t  f o r  t h e  r e a c t i o n s  o f  1 4 B e  i o n s
CHAPTER 4. ANALYSIS 93
■r i I i i i i t i i i i |  r n  i i r ‘ i i i |  i i i i i i i i i  |  i i i i i i  i i i | i*50.0 100.0 150.0 200.0 250.0
Energy in Csl (a.u.)
F i g u r e  4 . 3 :  P a r t i c l e  i d e n t i f i c a t i o n  s p e c t r u m  f o r  t h e  h e a v y  i o n  f r o m  t h e  r e a c t i o n  
w i t h  t h e  r e q u i r e m e n t  o f  a  s i g n a l  r e c o r d e d  i n  D e M o N .  R e a c t i o n s  i n  t h e  C s l  a r e  
e v i d e n t  f o r  t h e  d o m i n a n t  1 4 B e  g r o u p .  T h e  r e g i o n  a b o v e  2 3 0 . 0  i n  e n e r g y  l o s s  i n  
t h e  s i l i c o n  d e t e c t o r  i s  a f f e c t e d  b y  t h e  d i g i t i s a t i o n  p r o c e s s .
o n  t h e  c a r b o n  t a r g e t ,  f o r  e v e n t s  i n  w h i c h  a  D e M o N  m o d u l e  a l s o  r e c o r d e d  a  s i g n a l .  
T h i s  s e l e c t i o n  i n c l u d e s  e v e n t s  i n  w h i c h  a  7 - r a y  i s  d e t e c t e d  i n  D e M o N  i n  c o i n c i ­
d e n c e  w i t h  t h e  h e a v y  i o n  ( s e e  s e c t i o n  4 . 1 . 3 )  h i g h l i g h t i n g  t h e  f u l l  r a n g e  o f  d i f f e r e n t  
p a r t i c l e  t y p e s  r e c o r d e d .  T h e  m o s t  s t r o n g l y  d e t e c t e d  i o n s  a r e  1 4 B e  b e a m  p a r t i c l e s  
w h i c h  a r e  s c a t t e r e d  e i t h e r  e l a s t i c a l l y  o r  i n e l a s t i c a l l y  b y  t h e  t a r g e t .  T h e s e  a r e  
m o s t l y  d e t e c t e d  i n  c o i n c i d e n c e  w i t h  e i t h e r  a  7 - r a y  f r o m  t h e  d e - e x c i t a t i o n  o f  t h e  
p r o j e c t i l e  o r  t a r g e t  o r ,  m o s t  o f t e n ,  w i t h  a  r a n d o m  7 - r a y  f r o m  t h e  b a c k g r o u n d  
a c t i v i t y  i n  t h e  r o o m .  A s  t h e  b e a m  p a r t i c l e s ,  w h i c h  e i t h e r  p a s s  s t r a i g h t  t h r o u g h  
t h e  t a r g e t  o r  a r e  s c a t t e r e d  a t  s m a l l  a n g l e s  i n  t h e  l a b o r a t o r y  f r a m e ,  a l s o  h i t  t h e
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telescope there is a large background in the particle identification spectrum from 
reactions in the telescope. For reactions in the Si detector, the response is com­
plicated, but this detector is relatively thin and most background reaction will 
occur in the Csl detector. For such events, the Si detector will record the correct 
energy loss, but the Csl signal will be modified. These can be seen as a band 
of events approximately three fifths of the way up the spectrum upon which the 
beam particle events lie.
Figure 4.4: Heavy Ion PID spectrum showing three isotopes of beryllium. A cut 
on the Si energy loss parameter has been applied (see text).
Similar reactions of halo nuclei at higher energies [Zin97, Aum99] have shown 
that the dominant reaction mechanism for producing the intermediate unbound 
system is via one neutron stripping. If this trend extends to the production of 
13Be from 14Be at the lower energy used in this work (35 MeV/A) then it can 
be expected that the projectile-like fragment will remain at close to the same 
velocity as the projectile. The 13Be will be formed in low-lying states having a 
large parentage in 14Be and will then disintegrate at low centre of mass energies
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meaning that the 12Be ion detected has a very similar velocity to that of the 
incident 14Be ion. The energy loss in the silicon detector is dependent on the 
velocity and charge of the ion, which are essentially the same for the unreacted 
beam particles and the 12Be ions of interest. For this reason, the l2Be ions which 
are required for the analysis are located in the particle identification spectrum 
on the tail caused by the background of 14Be reactions in the Csl detector. The 
most effective method to separate the events of interest without bias is to use a 
projection along the hyperbola formed by the I2Be nuclei. Loci for the different 
particle types can be defined by the following parametrised empirical relationship 
[Fuk91] between the energy measured in the Csl detector and that measured in 
the silicon detector.
( d E - A )  =  e x p (4.1)
A projection using this analytical function is used here to separate the iso­
topes of beryllium after the application of a cut on a range of values in energy 
loss to exclude admixtures from other elemental groups. In the one dimensional 
projection PID (Particle IDentification) spectrum, three isotopes of beryllium can 
be clearly identified. A cut applied to the 12Be peak preferentially selects events 
where a 12Be ion is detected in the telescope, although there is still a large un­
derlying background due to the 14Be reaction tail, which needs to be subtracted. 
The effect of this cut (referred to below as the PID cut) on the 2 dimensional 
particle identification plot is shown in figure 4.5.
For the purposes of background subtraction, it is necessary to check that the 
projection works in an identical way for the data with the target in and with the 
target out. Specifically, a baseline shift was found to occur in the signal from the 
Csl detector and a method for dealing with this will be described later in this 
chapter (section 4.2.4). The effect of the baseline shift was larger for the ‘target 
out’ experiment, hence a larger correction was applied to bring the Csl energy 
signals in line with one another.
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Figure 4.5: Heavy ion particle identification spectrum after the inclusion of the 
PID cut selecting the region of the 12Be peak in figure 4.4
When the uncorrected PID spectra for ‘target in’ and ‘target out’ were compared 
(see left panel of figure 4.6) the peaks for 14Be exhibited a small relative shift. 
This was symptomatic of the small baseline shift for the Csl detector for the 
‘target in’ and ‘target out’ experiments. This was corrected by shifting the target 
out Csl energy measurement towards the peak for the target in experiment (see 
right panel of figure 4.6). The justification for this is that the Si signal was 
observed to be perfectly stable, so a shift in the PID must arise from a shift in 
the Csl measurement, and adjustment to recover the correct PID must result in 
the correct Csl energy being recovered. The ‘target in’ spectrum was produced 
with the requirement (as in figure 4.3) of a signal in DeMoN (any signal). The 
target out spectrum was produced without any DeMoN criterion and is simply
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Figure 4.6: PID spectra for target in and target out experiments. The left hand 
panel shows the target out PID spectrum before shifting and the right hand panel 
is after the shift to the target out PID spectrum.
scaled to the size of the peak in the carbon target data to assist comparison.
The total number of particles present in the detector telescope particle iden­
tification spectrum, resulting from a 14Be beam particle with no target present 
were counted. Only those events which were within the linear range of the ADCs 
and contained five good signals from the position sensitive silicon detector were 
counted. This number was compared with the number of 14Be particles detected 
in the beam to give a relative efficiency of 97% for the detector telescope.
4 . 1 . 3  N e u t r o n  p a r t i c l e  i d e n t i f i c a t i o n
There are two types of background 7 -ray events in DeMoN which need to be elim­
inated from the analysis. The first are those which are associated with reactions 
in the target or the detectors. These are prompt and are correlated in time. The 
second source of background 7 -rays is from ambient activity in the experimental 
hall and from cosmic rays. The prompt 7 -rays can be removed using a cut on the 
TDC spectrum. The neutrons travel with a range of velocities, all less than one
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Figure 4.7: TDC spectrum for DeMoN modules showing prompt 7 -ray and neu­
tron peaks. Time-of-flight increases linearly from left to right, with an approxi­
mate calibration of 0.1 ns/channel.
third the velocity of light, hence they are seen in these time spectra as a wide 
bump to the right of a the narrow peak from prompt 7 -ray, as shown in figure 
4.7. The background throughout the spectrum is from ambient room-background 
7 -ray radiation.
The remaining 7 -ray background events are identified by the characteristic 
behaviour of the scintillator material in the DeMoN modules to the interactions 
caused by different particle types. In chapter 3, a method for measuring sepa­
rately the slowly collected charge and the total charge was described. This is 
essential to the particle identification. The left panel of figure 4.8 shows the total 
charge versus slow charge spectrum for the central DeMoN detector for the reac­
tions on the carbon target. Three separate lines can be seen. The lower is from 
7 -rays incident on the detector. The upper two lines are from neutrons react­
ing with protons and with carbon atoms respectively in the scintillator material.
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Figure 4.8: Particle Identification spectra for the central DeMoN detector, with 
(right) and without (left) the software cut employed to select neutron interaction 
and reject 7 -ray events.
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An energy dependent threshold was imposed to reject the locus of events due to 
7 -ray interactions. At low total charge it becomes hard to separate the 7 -ray
line from the neutron lines (this effect becomes worse as the detectors become
radiation damaged over time). To ensure that no 7 -rays were wrongly identified 
as neutrons, a threshold cut was imposed at low slow charge. The effect of these 
cuts is shown in the spectrum on the right in figure 4.8.
4 . 1 . 4  S l o w  n e u t r o n  c u t
Figure 4.9: Neutron energy spectrum.
Figure 4.9 shows the measured energies for neutrons arising from reactions on 
the carbon target gated on 12Be events according to the PID parameter from the 
telescope. Two features are apparent in this spectrum: a low energy peak which is 
found to be associated with reactions in the Csl detector and a high energy peak 
near the beam velocity of 35 MeV/A which arises from reactions in the target. 
As shown in figure 4.4, even after the 12Be cut, there is still background from 
reactions in the telescope. This background arises when the 14Be beam particle is
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slowed down in both the silicon and the Csl detector before reacting to produce 
the neutron, which is why these neutrons are at a lower energy compared to those 
which come from reactions in the target. By placing a lower limit of 15 MeV on 
the energy of the neutron accepted in the analysis, some of these background 
events are removed. Similarly, later in the analysis it was possible under certain 
circumstances to eliminate all neutrons with velocities slower than the 12 Be ion 
in order to highlight the real events over the background.
The effect of the slow neutron cut on the PID is shown in figure 4.10. The 
black line shows the PID of the heavy ions detected in the telescope in coincidence 
with fast neutrons, that is with energies higher than 15 MeV. This spectrum shows 
two peaks, corresponding to 12Be and 10Be. However, when the neutrons below 
15 MeV are selected (shown in red), both of these peaks disappear. It is clear, 
therefore, that this cut is removing unwanted background from the analysis.
pid (a.u.)
Figure 4.10: PID spectrum for heavy ions in coincidence with neutrons with 
energies greater than 15 MeV (black) and neutrons with energies less than 15 MeV 
(red).
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4.2 Calibrations
Accurate calibrations are essential for reliable results from invariant mass spec­
troscopy as the energies and angles of the charged particles and neutrons from 
the decay of low-lying states, which may be less than 1 MeV above the thresh­
old, need to be measured precisely. Each detector was calibrated independently 
and all possible consistency checks were made between different elements of the 
detection system. The detection system can be split into three sections accord­
ing to the particle being measured, that is, the beam particles before the target, 
the heavy ion from the reaction and the neutrons. Each section of the detection 
system was calibrated to give precise measurements of energy and position. The 
angles of particles before and after the reaction were calculated by combining 
position measurements at three different detectors along the trajectory. The po­
sition measurement of the resulting neutrons was defined simply by the mean 
position of the relevant neutron module.
4 . 2 . 1  A D C  c a l i b r a t i o n s
Analogue signals from the pre-amplifiers were passed to spectroscopic shaping 
amplifiers and converted into digital signals in Analogue to Digital Converters 
(ADCs). Previous experience from experiments requiring accurate energy and 
position measurements indicated that the ADCs (Silena 4418/V) were signifi­
cantly non-linear in the lowest 10% of their range. A method for correcting these 
non-linearities using pulser signals, stepped in amplitude and passed through the 
preamplifier into the ADC, has been used extensively within the CHARISSA col­
laboration (see for example [Cha95, Sin96]). Another reason for performing this 
pulser ‘matchsticks’ calibration is to match the gains of different detector sig­
nals, most importantly the four corner signals from the position sensitive silicon 
detector.
The matchsticks calibration of the silicon detector was performed by adjusting
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the pulser setting in regular pulse height steps starting from the top of the ADC  
range. Smaller steps were used at the lower end of the ADC range as this is 
where any non-linearities were expected. The output was written to tape and 
analysed off-line using a polynomial regression fitting procedure [Pol93]. After 
this process, the corrected digital signals were linear across the full range of the 
ADC and the matched gains removed any biasing in the position signals.
4 . 2 . 2  P o s i t i o n  c a l i b r a t i o n s
Heavy ion position measurements were made for the projectile before the target 
as well as for the residual charged particle in the telescope. The beam position 
measurements were used to correct for the angular dispersion in the beam and 
the size of the beam spot. The PPACs before the target were calibrated in terms 
of position using an a-particle source (americium) placed behind a mask with a 
regular pattern of holes. This pattern was projected onto each PPAC in turn, 
such that the position spectra from each PPAC showed regions of illumination and 
shadow. The positions of the illuminated regions could be calculated precisely, 
knowing the positions of the source, mask and detector and the distance between 
the holes in the mask. For this procedure, all measurements were referred to the 
optical axis employed for the alignment of the beam and detector components.
The fraction of the distance across each PPAC detector was found using the 
formula stated earlier (equation 3.6) using the signals measured at the top, bot­
tom, left and right terminals. The centroid of each peak produced from the mask 
calibrations was found using a Gaussian fitting routine and plotted versus the 
known position of that peak for x and y positions individually. As the correspon­
dence between measured position and actual position was linear in all cases, a 
two parameter fit was used to produce each calibration and an example is shown 
in figure 4.11. Once calibrations were established for each PPAC detector, it was 
checked by comparing the calibrated position measurements with those which 
were used as the calibration reference.
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X position (a.u.)
Figure 4.11: Calibration graph for x position of PPACl
The spectra shown in figure 4.12 are of the projected mask pattern as mea­
sured by the the two PPACs in front of the target. The black dots are the 
calculated centroids which were used in the calibration. The peaks are not cen­
tred at zero due to the alignment of the mask and the detectors relative to the 
optical axis. It should be noted that the spectrum for PPAC2 shows two peaks in 
both x and y for a single peak in PPACl. This unfortunate situation was due to a 
mis-wiring of the resistors in PPAC2 which was identified during the experiment, 
but could not be corrected, having the effect of doubling the resolution distance 
for PPAC2 from around 1 mm to around 2 mm. This is the source of the highest 
uncertainty in position measurement in the experiment.
The position sensitive silicon detector in the telescope was calibrated for po­
sition in a similar way to that used for the PPACs, using the same mask. The 
position in terms of fraction along the detector face in x and y was found using 
equation 3.14. Hence, the known positions of the peaks were plotted against the
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Figure 4.12: Position calibration spectra for PPACs 1 and 2 showing calculated 
points used for the calibration.
corresponding measurements and a linear regression used to extract calibration 
constants. The resulting position calibration spectrum for the silicon detector is 
shown in figure 4.13. The apparent resolution is about the same as for PPACl 
(1 mm), but this is an upper limit (the smallest holes projected to be 2 mm in 
diameter at the detector).
With all the position sensitive detectors calibrated relative to the optical axis 
it was possible to test that they were calibrated correctly relative to each other. 
With no target present, ions travelling through the reaction chamber clearly move 
in a straight line and this should be reflected in the measurements from the PPACs 
and the silicon detector located at zero degrees. This was tested by analysing 
data from the ‘target out’ experiment. The expected position at the silicon 
detector from the PPAC measurements, assuming a straight line trajectory, was 
extrapolated. The measured position was subtracted from this calculated position 
to give a position difference in x and y (denoted dx and dy respectively) shown 
in figure 4.14.
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Figure 4.13: Position calibration spectrum for silicon detector in the heavy ion 
telescope showing calculated points used for the calibration.
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Figure 4.14: Difference in calculated and measured position at the position sen­
sitive silicon detector for x (top) and y(bottom).
After the individual position calibrations for the PPACs and the silicon detec­
tor it was found that there was an error in the reconstructed trajectory. At the 
telescope, the position as calculated from the PPAC measurements differed by 
** mm in x and 3 mm in y. The most reasonable explanation for this result is that 
the mis-wiring in PPAC2 did not only affect the resolution, but also produced 
an offset in the position. For this reason, the position measurement at PPAC2 
was adjusted to make the three position measurements agree on a straight line 
trajectory, as shown in figure 4.15.
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Figure 4.15: Difference in calculated and measured position at the position sen­
sitive silicon detector for x (top) and y(bottom) after correction.
4 . 2 . 3  B e a m  e n e r g y  c a l i b r a t i o n
The velocity and hence the energy, of the incoming beam particle is necessary to 
make the transformation into the rest frame of this particle, which was applied 
in the analysis of momentum distributions for reaction products. The beam ve­
locity was calculated from the time of flight of the particle from PPACo (located 
after the second dipole of the LISE spectrometer) to silicon detector AE 0 (lo­
cated immediately in front of the target), corresponding to a distance of 23.8 m. 
Knowing the magnetic rigidity setting of the second dipole, the average beam 
velocity gated on 14Be particles was calculated using the LISE3 program [LISE]. 
This gives a reference time To for an average beam particle.
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Figure 4.16: Dispersion measurement for T A C  between P P A C o  and d E o
The dispersion of the Time to Analogue Converter (TAC) was measured using 
a time calibrator which gives start and stop signals at specific intervals. The 
output from the TAC was plotted against the known time gaps and linear fit was 
used to extract the correspondence between channel number and time (see figure 
4.16). The time of flight and velocity of the projectile can then be calculated 
from the following relations:
T u  —  (?oo — Tm) m  +  T 0 
2380
v M =
Ti
(4.2)
(4.3)
14
Where T14 is the time of flight between PPAC0 and AE 0 in ns, T00 is the reference 
time in channels, T m  is the measured time in channels, m  is the dispersion in 
ns/channel and v14 is beam velocity in cm/ns. The TAC is started by the signal
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in AE 0 and stopped by the delayed PPACo signal. For this reason, the raw ToF 
runs backwards and T m  is subtracted from T0o in equation 4.2.
4 . 2 . 4  H e a v y  I o n  e n e r g y  c a l i b r a t i o n s
The detectors in the telescope were calibrated using a mixed nuclide beam at two 
different spectrometer settings (B p 2 —  2.44 Tm and Bp2 — 2.61). Each beam 
particle type could be selected using the particle identification spectrum and the 
energy, energy loss and residual energy were calculated from the LISE3 program. 
The energy in fact obeyed the formula for a relativistic heavy ion moving in a 
magnetic field (equation 3.2). The energy losses calculated by LISE were checked 
using an independent code dEdx [dEdx]. The correspondence between channel 
number and energy loss in the Si detector was found to be linear as shown in 
figure 4.17, and corresponding calibration constants were derived.
The Csl detector displayed certain properties which needed to be corrected 
in the off-line analysis. It has been shown above that the response of the silicon 
detector is largely independent of the mass and charge of the charged particle 
and linear with energy. This is not true for caesium iodide detectors [Hor92], 
[Fom94], which have a response that is highly dependent on charge and also can 
show sensitivity to the mass of the incident ion. Hence, each isotope requires 
an individual calibration in order to achieve high accuracy measurements. Also, 
a time dependence was observed in the signal height such that the centroid for 
a given particle type was seen to fluctuate with roughly one cycle per 24 hours. 
This behaviour is most probably due to temperature fluctuations in the laboratory 
affecting the pre-amplifier attached to the Csl detector.
An initial Csl calibration was performed using the same data set as for the 
silicon energy calibration. The response of the detector to different isotopes is 
shown in figure 4.18. This graph clearly shows the strong charge dependence of 
the output of the Csl detector, with different elemental groups being separated by 
a few hundred channels for particles at the same energy. The mass dependence
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Figure 4.17: Detector telescope silicon detector energy calibration for a range of 
isotopes from 4He to 15B at Bp2 =  2.44 Tm and 2.61 Tm
is more subtle, but is visible, becoming more obvious as the charge of the ion 
increases. Saturation effects are apparent for the heavier ions at high energy 
where the channel number is close to the end of the ADC range (4096). This is 
thought to be a preamplifier effect. Here the channel number does not increase 
linearly with energy, but curves downwards.
The preliminary linear calibrations from figure 4.18 were used to investigate 
the reaction data. However, when the measured energies of the particles were 
compared with calculations, it appeared that the calibrations over-estimated the 
energy deposited in the Csl detector. In order to gain insight into this problem 
two other sets of data were compared with the calibration data. These were 
both ‘target out’ experiments with spectrometer settings of Bp2 =  3.00 Tm and
3.18 Tm (setting used for ‘target out’ and ‘target in’ experiments respectively).
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Figure 4.18: Graph showing the response of the Csl detector to different isotopes 
at the two spectrometer settings used for the calibrations, B p 2 =  2.44 Tm and 
2.61 Tm
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Csl response curves for lithium and beryllium isotopes
Energy (MeV)
Figure 4.19: Graph showing the response of the Csl detector to lithium and 
beryllium isotopes including the initial calibration points, plus points for higher 
energy settings of the spectrometer, B p 2 =  3.00 Tm and 3.18 Tm
Only three isotopes were present in these data sets as some of the heavy isotopes 
had energies which fell outside the linear range of the ADCs.
The data points for these lithium and beryllium isotopes are shown in figure
4.19 with those previously obtained for their elemental groups. A significant re­
duction in channel number is observed relative to the linear extrapolations, which 
cannot be explained by simple high energy saturation as the signals are too low 
in channel number. Instead, it appears that the baseline against which signals 
are measured has drifted upwards causing compression of the ADC output. This 
could occur if the Csl detector was subjected to high particle rates such that
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the preamplifier did not have time to recover between events. The most likely 
explanation for this reduction in channel number for the high energy experi­
ments is that a high number of light particles which are not visible in the Csl 
spectra were passing through the spectrometer at these higher magnetic rigidity 
settings. These would have been incident on the Csl, causing a baseline shift in 
the preamplifier output.
The output of the Csl detector was found to be dependent on both charge 
and mass. This can be seen in figure 4.18. Each isotope in an elemental group 
has a response which follows a slightly different locus to the other isotopes in 
that group. Generally, the slope of the calibration graph is the same for isotopes 
of the same element, but there is a slightly different offset. For the isotopes of 
beryllium, the average slope was found and individual offsets were used for the 
different isotopes.
To characterise the time dependent behaviour of the Csl signals, the exper­
imental data for the ‘target in’ experiments were first filtered to select only the 
events giving a signal in at least one DeMoN detector a. All three data sets were 
divided into sections containing a fixed number of events (20 000 for target in 
data, 50 000 for target out data) and the centroid of the Csl signal was found, 
gated on 14Be particles incident on the telescope. These centroids are plotted in 
figure 4.20. This was repeated for 12Be ions detected in the telescope, which have 
larger associated statistical errors due to the low reaction rate. The signals from 
the 14Be ions were then scaled to the magnitude of the 12Be signals (approxi­
mately ||) to check whether the trend was the same in both cases. It is quite 
clear from this scaled line in figure 4.20 that the trend is the same and that it is 
therefore valid to use the 14 Be signal height to map the fluctuations in the 12 Be 
signals.
The straight lines plotted on figure 4.20 show the expected channel number for
“For the ‘target out’ data no such condition was set as this would have severely limited the 
statistics for this time dependent calibration.
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Figure 4.20: Graph showing Csl signal fluctuations for data taken over 5
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these two ions calculated from the energy (found from the magnetic rigidity of the 
spectrometer) and the calibration constants found for each isotope as described 
above. Each data point for L4Be was scaled to this line and the same scale factor 
used to correct the 12Be signals, hence this factor corrects for the baseline shift 
and the time dependence simultaneously.
The final Csl energy calibration was applied to the data in two parts. Firstly, 
the baseline shift and time dependent fluctuations corrections were applied to the 
raw channel number for each sample. Once these anomalies were removed, the 
isotopic calibration was applied.
4 . 2 . 5  N e u t r o n  e n e r g y  c a l i b r a t i o n
The neutron energies were found from the time of flight between the target and 
the specific neutron detector the neutron was incident upon. The time was mea­
sured by a TDC for each DeMoN module which was started by the detection of a 
neutron in that module and stopped by the delayed trigger. To find the true time 
of flight, it was necessary to measure the dispersion of the TDC in ns/channel 
then to find the offset in ns using a known time of flight.
At the end of the experiment, a time calibrator was used to produce three 
peaks, in turn, simultaneously in all the DeMoN TDCs. Each peak was pro­
duced with a precisely known time between the start and the stop signal. The 
gaps between the peaks were used to find the dispersion in each TDC. These dis­
persions were measured [Han97] directly after the experiment, but were checked 
extensively in the present work.
Gamma-rays coming from the reaction provided the reference time against 
which the neutron times of flight were found. Initially, the assumption used 
in this part of the calibration was that the prompt y-rays detected were from 
reactions in the target. The time measured in the TDC for these y-rays minus 
the time taken for light to travel to the module gives the time at the reaction 
occurred at the target.
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The neutron velocity was tested by selecting a range of detectors at the same 
angle relative to the optical axis, but at different distances. The measured velocity 
should be independent of detector distance. However, a dependence was found, 
suggesting that an additional offset was required.
The problem with the original neutron energy calibration was in the initial 
assumption that the 7 -rays came from the target. It can reasonably be argued 
that the more likely scenario is for most of the 7 -rays to come from the 2.5 cm 
thick Csl detector placed at zero degrees, rather than from the relatively thin 
target. This hypothesis was tested by quantifying the production rate and time 
of flight of the 7 -rays for the lead and carbon target data compared to the exper­
iments with no target. There was no dependence of the rate or timing of 7 -rays 
with target, which strongly supports the hypothesis. As the 7 -rays come from 
the Csl and not the target, there is an extra time lapse of 1.1 ns which requires to 
be accounted for, deriving from the time taken for the 14Be heavy ions to travel 
from the target to the Csl detector.
Each DeMoN detector has an intrinsic total charge threshold, below which 
they will not produce a signal. This threshold is different in each detector, which 
could introduce bias in the measurement. To remove this bias, a software thresh­
old was applied for a fixed energy. This meant that each module had to be cal­
ibrated for absorbed energy. The neutrons in the experiment could not be used 
in this calibration as neutrons do not deposit all of their energy in the detector. 
Instead, the location of the Compton edge (the location of maximum absorbed 
energy following Compton scattering) for 7 -rays from a range of sources was used. 
A high energy point from cosmic rays was used in conjunction with the location 
of the Compton edges to characterise the response in terms of the luminescence 
energy. This is measured in MeVee (MeV - equivalent electron), where 1 MeVee 
is the energy deposited by a 1 MeV electron. Once the DeMoN modules were 
calibrated for energy, a software threshold of 0.5 MeVee was imposed.
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Figure 4.21: Intrinsic efficiency of a DeMoN module with a 0.5 MeVee threshold. 
Taken from [Lab99a].
The efficiency of each DeMoN module to detect a neutron is a function of the 
neutron energy. The response function of the scintillators to neutron energy was 
simulated by M. Labiche (see [Lab99a]) and compared with measurements made 
at the three different laboratories, LPC (Caen, France), UCL (Louvain, Belgium) 
and Uppsala (Sweden). Figure 4.21 shows the experimental results and the sim­
ulations using two different codes, MENATE [Des91] and GEANT [Gea87]. The 
MENATE and the first GEANT simulation (labelled ‘NE213’) take into account 
only the scintillator material, whereas the second GEANT simulation (labelled 
‘mat’) includes the other materials in the detector module such as the casing, the 
PVC windows and the lead placed in front of the scintillator to attenuate x-rays
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and very low energy y-rays.
The detection efficiency can be seen to grow rapidly with energy below about 
5 MeV. It then fluctuates around 45% up to 40 MeV where there is a smooth 
loss of efficiency with increasing neutron energy. This behaviour was taken into 
account in the analysis by weighting each event by where e ( E n ) is the
efficiency of a DeMoN module at neutron energy En as calculated using the 
second GEANT simulation, which best describes the experimental data.
4 . 2 . 7  B a c k g r o u n d  s u b t r a c t i o n
The background subtraction to remove events containing a degraded and/or re­
acted 14Be ion in coincidence with a neutron produced from either the target or 
the detector telescope is essential to the analysis. This is evident from the smooth 
background underlying the 14Be peak in the PID plot, figure 4.4. The number of 
14Be ions in the beam was counted for both of the ‘target in’ experiments and for 
the ‘target out’ experiment so that the events from the latter could be weighted 
according to this ratio for each target. The subtraction for each spectrum was 
produced on a bin-by-bin basis using this weighting.
where N s u b is the number of counts in the subtracted spectrum, N { n  (N out) is
number of 14Be ions in the beam for the target in (out) experiment.
The statistical error associated with this subtraction was then calculated as 
shown in equation 4.5, which assumes that N i n  and N o u t are each random Poisson 
variables:
(4.4)
the number of counts in the target in (out) spectrum and B { n  (B out) is the total
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This formula required modification for the spectra which were corrected event- 
by-event for the neutron detection efficiency. In this case, the statistical error is 
determined by the raw, uncorrected number of events. Thus, the size of the 
relative error was found from the uncorrected value and then was scaled using 
the ratio of the number of counts in the corrected spectrum to the number in the 
uncorrected spectrum, i.e. the average efficiency correction.
Figure 4.22. Example spectrum to illustrate nature of background subtraction. 
Velocity difference between neutron and 12Be for carbon target (in red), target 
out (in green) and after background subtraction (points with error bars).
The effect of the background subtraction can be seen in figure 4.22. The 
details of this spectrum will be described in the following chapter, and it used here 
simply to illustrate the nature and scale of the background subtraction. Three 
spectra for the difference in velocity between the neutron and the detected heavy 
ion are shown. The raw data from the ‘target in’ and ‘target out’ experiments 
show a broad bump to the left of 0 cm/ns, where the neutron is travelling at a 
lower velocity than the heavy ion (identified as 12Be on the basis of the PID).
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This excess of counts, due to reactions in the detector telescope, is removed when 
the scaled ‘target out’ spectrum is subtracted away from the raw target in data, 
as shown by the points with error bars. As the subtraction is larger on this side 
of the spectrum, the error bars are accordingly larger than those associated with 
higher energy neutrons.
4 . 2 . 8  T a r g e t  e n e r g y  l o s s  c o r r e c t i o n s
The reactions are assumed to occur in the centre of the target, which is the 
average position of the interaction. Hence the measured energies of the incident 
and final state particles in the reaction need to be corrected for the energy loss in 
half the target thickness. In the case of the neutrons, however, there is practically 
no energy loss.
The energy loss in the target for the heavy ions detected in the telescope is 
calculated from the particle type as defined by the PID cut (a sample calculation 
was shown in section 3.5). This loss in energy is added to the measured energy 
to reconstruct the energy of the ion at the centre of the target.
The energy of the 14Be projectile is measured directly event-by-event from 
the time of flight between PPACo and AE0. Relative to this value, the projectile 
energy in the AE 0 detector and in half the target before it reaches the centre of 
the target. This was parametrised in terms of the reduction in the velocity of the 
projectiles in units of the speed of light, /? =  -, which is related to the kinetic 
energy K  and the relativistic total energy E  by:
E  =  K  +  M 0 c 2 =  me2 =  H - - -  (4.6)
v H 5
A series of detailed calculations of the reduction in velocity as the beam parti­
cle passed through first the silicon detector, then the target were made spanning 
the energy range of the beam. A linear trend was found for the loss of veloc­
ity through the detector, but a third order polynomial was needed to describe
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the loss through the target, as shown in figure 4.23. These losses in velocity for 
the projectile was calculated on a particle by particle basis from the measured 
velocity.
Figure 4.23: Calculated loss of velocity for the 11 Be projectile passing through 
half of the target. The data points were calculated using the LISE program [LISE] 
and are shown with third order polynomial fit.
In the case of the target out experiment, the energy of the beam was reduced 
to compensate for the equivalent energy loss in the target in experiment. This 
energy correction allowed for the full energy loss in the target so that the energy 
after the target position was the same for the target in and target out experiments. 
Hence, the energy of the projectile after correction for the silicon detector is high 
by the half target thickness energy loss, compared to the target in energy after 
correction to the centre of the target. To bring this target out energy in line with 
the target in energy, the half target thickness energy loss was added.
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4.3 Transform ation betw een coordinate systems
For analysis purposes, the optical axis, to which the locations of all the detec­
tors were measured, was not an appropriate reference for the geometry of the 
reaction. The axis along which the projectile travelled, which varied from par­
ticle to particle due to the angular divergence of the beam, represented a much 
more meaningful reference. Later in the analysis, the geometry was also defined 
relative to the momentum vectors of other particles produced in the reaction, 
and hence generic relationships between vectors in a coordinate system S and the 
same vectors measured in a system S '  were derived from the known in-plane and 
out of plane angles between these two systems (see figure 4.24).
Figure 4.24: Diagram showing two orthogonal right-handed coordinate systems, 
S and S '  and the in-plane and out of plane angles between them.
Before any transformation can be applied, the vector which is being trans­
formed is decomposed into its Cartesian components in the frame S from the 
measured in-plane and out of plane angles using the relationships:
(4.7)
(4.8)
z  =  \ r \ c o s ( 6 ^ , ) c o s ( 6 [ n )
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(4.9)
where 0'-n / o u t is the in-plane (out-of-plane) angle of the vector f  in the S frame.
Figure 4.25: Diagram showing first rotation through an angle of 0 i n  about the 
y-axis. The y-axis is invariant and the transformed x and z  axes are denoted x *  
and y *
The transformation from S to S '  can be decomposed into two rotations, one 
about the y-axis, by 9 i n  and the second about the a;*-axis (the x-axis after the 
first rotation) by 19 0 U t . The first rotation, transforms a vector f  (x, y, z) to 
r * ( x * , y * ,  z * ) .  Writing a vector f in  terms of its Cartesian components and the 
unit vectors, as f  —  x i  4- y j  +  z k ,  it is possible to find equations which map x, 
y, z to x *, y*, z *  (equation 4.19) using vector diagrams as in figure 4.26.
x *  =  f . ( i c o s O i n  —  k s i n Q i n )  =  x  c o s 9 i n  —  z  s i n 6 i n  (4.10)
y -  =  y  (4.11)
z *  =  f  . ( i s i n O i n  +  k c O s O i n )  =  X  s i n O i n  +  Z  C O s Q i n  (4-12)
In a similar way, the equations mapping vectors in the intermediate coordinate
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i  s in0 ir
Figure 4.26: Diagram showing first rotation of the axes by an angle 6 i n  about the 
y-axis.
system (S*) to the final system S' can be found by defining the second rotation 
(around the x * axis) using the unit vectors:
x  =  x *  (4-13)
y  —  r  . ( f  c o s B o u t -  k * s i n B o u t )  =  y *  c o s B o u t  -  z * s i n B 0Ut (4.14)
z  =  r  . ( j * s i n B 0Ut +  k * c o s B 0u t )  =  y *  s i n B 0Ut +  z *  c o s B o u t (4.15)
Combining these two rotations to transform loci from system S to system S# 
directly gives the following relations:
x  =  x c o s B i n  -  z s i n B i n  (4-16)
y  =  - x s i n B i n s i n B o u t +  y c o s B o u t  -  z c o s B i n s i n B o u t (4.17)
z  — x s i n B i n c o s B o u t +  y s i T i B 0u t +  z c o s B ^ n c o s B  o u t - (4-lS)
or simply as the unitary transformation:
^ c o s B i n  0 — s i n B i n
y  s m B i n s i n B  o u t  c o s B o u t  c o s B i n s i T i B o u t
z  J  y s i n B i n c o s B o u t  s i z i B o u t  c o s B i n c o s B o u t  J
 ^ t x \
v 
z  J
(4.19)
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4.4 A rithm etic velocity difference (AVD)
The technique of sequential neutron decay spectroscopy has already been de­
scribed in sections 1.2 and 2.3 .2. In these experiments, the neutrons are detected 
at close to 0°. This limits the geometry of detected events so that the decay has 
to be collinear with the beam momentum.
In this experiment, the neutron detector configuration (see section 3.7.2) was 
designed to give large angular acceptance, hence the analysis is not restricted to 
collinear geometry. However, to provide a comparison with other works, and in 
particular that of Thoennessen [Tho97] the angular acceptance was reduced to 
4.5° in a part of the analysis by making a software gate to select only the central 
detectors.
The velocity of the charged particle was calculated from the total measured 
energy in the detector telescope and from the position measured relative to the 
axis defined by the beam particle. The results from the arithmetic velocity dif­
ference (AVD) analysis provide information relating to the relative velocity, but 
is only valid for narrow neutron angular acceptances. This extra restriction on 
the data reduces the statistics of the measurement. The experiment described 
here allowed the measurement of positions as well as energies of initial and final 
state particles allowing a more complex and complete analysis to be performed.
4.5 Lorentz Transform ations
The projectile and measured final state particles in the reaction move with a 
velocity around 30% the speed of light in the laboratory frame, hence, relativistic 
effects become important. However, in the rest frame of the resonant particle, 
the breakup occurs at non-relativistic velocities, hence classical mechanics can 
be used for the calculations in this reference frame if this is more convenient. To 
transform from a reference frame S to a reference frame S' requires the imple­
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mentation of the velocity addition transformations (see for instance [Frc79]):
W .  =  7 , ,  f  A h  M  yT (4-20)
7 (u )(l +  /?(u )*£(v))
/3(«)„ =  , , M ,, ,, (4.21)
, y  7 (t/)(l +  0 { u ' ) z p { v ) )
a ,  ^ P { u ' ) z + P ( v )
^  =  1  +  P ( U ) J ( V )  (4 '22)
where :
p { v )  =
p { u )  =
/ ? ( ? / )  =
7 ( u )  -
c
ZA
c
/
u
c
y / 1  ~  P { v ) 2
v  is the velocity of S' as measured in S, u x ^ z ) is the x  ( y  or z )  velocity as measured 
in S, u x  ^ or 2) is the x ( y  or z )  velocity as measured in S' and c  is the speed of 
light.
Here, the two reference frames must be collinear, with the 2-axis being de­
fined as the direction of motion of S' relative to S. This means that in general 
a coordinate transformation is required before this simple form of the Lorentz 
transformation can be applied.
The transformation of momenta is simpler as only the component of momen­
tum in the direction of relative motion between the reference frames is affected:
P z  =  “  v )  (4.23)
where :
1
7 (z a )  =
7  ( u )  =
V i - W P
1
y /1 - P W ?
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4.6 Invariant mass m easurem ent
The momentum of the reconstructed 13Be particle is known from the addition 
of the 12Be and neutron momenta. However, to find the velocity of the 13Be it 
is first necessary to deduce the mass, which is dependent on the relative energy 
between the neutron and the 12Be in the 13Be rest frame. This relative energy 
was found by calculating the velocity of the neutron in the rest frame of the 12Be 
ion then transforming this to the rest frame of the 13Be particle. The velocity 
of the neutron as viewed from the rest frame of the 12Be ion was calculated by 
first transforming the neutron velocity vector into a reference frame where the 
z-axis was parallel to the momentum of the 12Be ion and then a Lorentz boost 
was applied to the velocity. The kinetic energy of the neutron in the rest frame 
of the 12Be ion can be adequately described in classical mechanics and is given 
by:
T n 2 =  \ m n ( u n f  ( 4 -2 4 )
where m n  is the mass of the neutron and u 12 is the velocity of the neutron as 
measured in the 12Be rest frame.
However, what is needed from the calculation is the relative energy (Ere/) 
which is equal to the total kinetic energy in the centre of mass frame (the rest 
frame of the 13Be particle), which is defined as:
E r e i  =  T t o t a i  =  +  ~m „ « 3)2 (4.25)
where m u  is the rest mass of 12Be in its ground state and u \ 2 etc. are the velocities 
of the particles, whose identities are denoted by subscripts. The velocities are 
measured in the rest frame of 13Be as denoted by the superscripts.
As the 12Be velocity in the centre of mass is small compared to the speed of 
light, it is possible to use classical mechanics to define the relationship between 
velocities in the 12Be rest frame and those in the centre of mass rest frame.
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l3 =  ??IL 2..  ^2
m n  +  m „
1i [2 =  ~m t2 +  m n
and
p  — i  ( m  m n . m 12
— 0 I 777-12 , sn [Fn ) +* TYln , . „  (Tin J
2 V (TM 12 + ' m n ) 2 (m 12 + 77Tn)
hence
This can also be written
„  1 /  p \2 /  m 12m „  + ( m 12)2 ]
'  2 (, („„ + „.)• J
2 \ (m l2 +  77Tn) /
m n ( <2 V m i 2 + m n
m X2
E r e ,  =  ( / ( H )  (4.26)
Where g  =  ( ^ ^ ~y is the reduced mass of the system. In this way, the 
invariant mass of 13Be can be found from the known rest masses of 12Be and the 
neutron together with the measured velocity of the neutron in the rest frame of 
the 12Be ion.
4.7 M om entum  m easurem ents
The momenta of the particles in the reaction were measured in the rest frame 
of the 14Be projectile at the centre of the target. The momentum of each of the 
measured particles, that is the 12Be final state heavy ion and the neutron, was 
found in the laboratory frame from their deduced velocities using formula 4.27 
below.
p  =  m t y v  (4-27)
This coordinate system was defined with the z - & x i s  along the optical beamline
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axis. This vector was then decomposed into its components and transformed into
at the centre of the target. The 13Be momentum was reconstructed by vector
before the transformations. This momentum vector was then transformed in an 
identical way to the others.
4.8 A ngular correlation m easurem ents
The angular correlation measurements of the 13Be breakup products were made 
in the rest frame of the reconstructed 13Be particle. The velocity of this frame 
as measured in the laboratory was calculated from the deduced velocity of the 
neutron in the 12Be frame. This is performed in two steps; (1) the velocity of 
the centre of mass of the 13Be is calculated in the 12Be frame, then (2) the centre 
of mass velocity is transformed into the laboratory frame using the relativistic 
addition of velocity formulae.
The velocity of the 13Be centre of mass in the 12Be frame is:
The final state particles were transformed into the coordinate system with the 
z-axis parallel to the reconstructed 13Be momentum vector and a Lorentz boost 
to this rest frame was applied using the velocity addition formulae (equations
4.20 4.21 and 4.22).
The angle between the neutron and the 13Be particle was calculated using the 
relationship:
the reference frame with the z-axis defined by the direction of the 14Be momentum 
as described above (section 4.3). Once the vector was defined in this way it was 
possible to perform the Lorentz boost to the rest frame of the 14Be projectile
addition of the measured 12Be and neutron momenta in the laboratory frame
(4.28)
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where uj3n is the z-component of the neutron velocity in the rest frame of the 
reconstructed l3Be particle and |7nl3| is the magnitude of the neutron velocity 
vector in the same rest frame.
4.9 C entre of mass m om enta checks
A final check on the data analysis from the conservation of momentum in the 
centre of mass frame (13Be rest frame) was applied. In this frame, the neutron 
and the 12Be ion must have equal and opposite momenta. This means that the 
ratio of the velocities of the neutron and the 12Be ion is the inverse of the ratio 
of their masses and that the angle between them is 180°. The angle between 
the neutron and L2Be velocity vectors in the centre of mass frame was found 
from their dot product. This method of testing the formulae in the analysis 
proved very sensitive to small changes in assumed masses and the methods for 
transforming between reference frames, hence with these criteria satisfied the 
correct application of all transformation is confirmed.
C h a p t e r  5
R e s u l t s
T h i s  c h a p t e r  i s  a r r a n g e d  a c c o r d i n g  t o  t h e  f o u r  m e a s u r e d  q u a n t i t i e s  a n a l y s e d  i n  
t h i s  w o r k ;  a r i t h m e t i c  v e l o c i t y  d i f f e r e n c e  ( A V D ) ,  i n v a r i a n t  m a s s ,  m o m e n t u m  a n d  
a n g u l a r  d i s t r i b u t i o n s .  T h e  A V D  s p e c t r a  a r e  s h o w n  a s  a  c o m p a r i s o n  w i t h  p r e v i o u s  
r e l a t e d  w o r k  a t  M S U .  T h i s  p a r t  o f  t h e  a n a l y s i s  u s e s  a  r e s t r i c t e d  p a r t  o f  t h e  d a t a  
s e t ,  w h e r e a s  t h e  f o l l o w i n g  i n v a r i a n t  m a s s  r e c o n s t r u c t i o n  u s e s  a l l  t h e  a v a i l a b l e  
i n f o r m a t i o n  f r o m  t h e  f u l l  d a t a  s e t .  B o t h  t h e  A V D  a n d  t h e  i n v a r i a n t  m a s s  s p e c t r a  
a r e  s u b j e c t  t o  a n  e f f i c i e n c y  f u n c t i o n  t h a t  d e p e n d s  o n  e x c i t a t i o n  e n e r g y ,  a r i s i n g  
f r o m  t h e  r a n g e  o f  a c c e p t a n c e  a n d  t h e  g r a n u l a r i t y  o f  t h e  n e u t r o n  d e t e c t i o n  a r r a y  
a n d  h e n c e  s i m u l a t i o n s  o f  t h e  e x p e r i m e n t  a r e  u t i l i s e d  t o  i n t e r p r e t  t h e  e x p e r i m e n t a l  
i n f o r m a t i o n .  M o m e n t u m  d i s t r i b u t i o n s  a r e  p r e s e n t e d  a n d  a  c o m p a r i s o n  i s  m a d e  
w i t h  o t h e r  e x p e r i m e n t a l  r e s u l t s ,  i n c l u d i n g  a  p r e v i o u s  a n a l y s i s  o f  t h i s  d a t a  s e t  
u s i n g  t h e  n e u t r o n  a n g u l a r  d i s t r i b u t i o n s  t o  m e a s u r e  t h e i r  t r a n s v e r s e  m o m e n t u m .  
T h e o r e t i c a l  c a l c u l a t i o n s  h a v e  a l s o  b e e n  p e r f o r m e d  a n d  c o m p a r e d  w i t h  t h e  d a t a
M o s t  o f  t h e  a n a l y s i s  p r e s e n t e d  h e r e  r e q u i r e d  a  n e u t r o n  i n  c o i n c i d e n c e  w i t h  
a  h e a v y  i o n  ( e x c l u s i v e  d a t a ) ,  h o w e v e r ,  f o r  c o m p a r i s o n  w i t h  e a r l y  e x p e r i m e n t s  
o n  h a l o  n u c l e i ,  s o m e  i n c l u s i v e  d a t a ,  w h e r e  t h e r e  i s  n o  n e u t r o n  r e q u i r e m e n t  a r e  
a l s o  p r e s e n t e d .  T h e  i n c l u s i v e  d a t a  d o  n o t  s u f f e r  f r o m  p r o b l e m s  a r i s i n g  f r o m  t h e  
a c c e p t a n c e s  o f  t h e  n e u t r o n  d e t e c t o r  a r r a y .
T h e  d a t a  p r e s e n t e d  h e r e  w e r e  s u b j e c t  t o  a  c o n s i d e r a b l e  b a c k g r o u n d  d u e  t o
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pid (a.u.)
F i g u r e  5 . 1 :  P a r t i c l e  I d e n t i f i c a t i o n  s p e c t r a  f o r  t h e  c a r b o n  t a r g e t  ( t o p )  a n d  l e a d  
t a r g e t  ( b o t t o m )  g a t e d  o n  a  n e u t r o n  d e t e c t e d  i n  c o i n c i d e n c e .  T h e  s c a l e d  b a c k ­
g r o u n d  i s  s h o w n  i n  r e d  a n d  t h e  s p e c t r u m  a f t e r  b a c k g r o u n d  s u b t r a c t i o n  i s  s h o w n  i n  
b l u e .  T h e  s c a l i n g  i s  a c c o r d i n g  t o  t h e  n u m b e r  o f  i n c i d e n t  1 4 B e  i o n s .  T h e  p o s i t i o n  
o f  t h e  s o f t w a r e  g a t e  f o r  1 2 B e  i s  s h o w n  b y  t h e  l o n g - d a s h e d  l i n e s .
r e a c t i o n s  o f  t h e  b e a m  i n  t h e  d e t e c t o r  t e l e s c o p e  p l a c e d  a t  0 ° .  T h i s  h a s  b e e n  
q u a n t i f i e d  b y  p e r f o r m i n g  t h e  s a m e  e x p e r i m e n t ,  b u t  w i t h o u t  a  t a r g e t ,  w i t h  t h e  
b e a m  e n e r g y  a d j u s t e d  a s  d e s c r i b e d  p r e v i o u s l y  i n  s e c t i o n  4 . 2 . 7 .
T h e  e f f e c t  o f  t h e  b a c k g r o u n d  s u b t r a c t i o n  i s  c l e a r l y  d e m o n s t r a t e d  i n  t h e  P I D  
s p e c t r a  o f  f i g u r e  5 . 1  f o r  c a r b o n  a n d  l e a d  t a r g e t s .  T h e s e  s p e c t r a  w e r e  p r o d u c e d  
w i t h  t h e  r e q u i r e m e n t  t h a t  a  n e u t r o n  w a s  d e t e c t e d  i n  c o i n c i d e n c e  w i t h  t h e  h e a v y  
i o n .  T h i s  g r e a t l y  r e d u c e s  t h e  b a c k g r o u n d  d u e  t o  7 - r a y s  d e t e c t e d  i n  t h e  D e M o N  
d e t e c t o r  a n d  e n h a n c e s  t h e  r e l a t i v e  s t r e n g t h  i n  t h e  1 2 B e  p e a k  c o m p a r e d  w i t h  
s p e c t r a  s h o w n  e a r l i e r  w h i c h ,  a t  m o s t  r e q u i r e d  a n  e v e n t  i n  D e M o N  i n  c o i n c i d e n c e
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( s e e  f i g u r e  4 . 4 ) .  T h e  ‘ t a r g e t  o u t ’ s p e c t r a  h a v e  b e e n  s c a l e d  a c c o r d i n g  t o  t h e  n u m b e r  
o f  1 4 B e  i o n s  m e a s u r e d  i n  t h e  b e a m .  F o r  t h e  c a r b o n  t a r g e t  d a t a ,  t h e  ‘ t a r g e t  o u t ’ 
s p e c t r u m  d e s c r i b e s  r e a s o n a b l y  w e l l  t h e  b a c k g r o u n d  d u e  t o  t h e  r e m n a n t  o f  t h e  t a i l  
f r o m  r e a c t i o n s  b e t w e e n  t h e  14B e  b e a m  p a r t i c l e s  a n d  t h e  d e t e c t o r  t e l e s c o p e .  A f t e r  
s u b t r a c t i o n ,  t h e  1 2 B e  a n d  1 0 B e  p e a k s  a r e  b o t h  w e l l  d e f i n e d .  H o w e v e r ,  f o r  t h e  l e a d  
t a r g e t ,  t h e  b a c k g r o u n d  c o n s t i t u t e s  a  m u c h  l a r g e r  p r o p o r t i o n  o f  t h e  d a t a .  T h e  
1 2 B e  p e a k  i s  n o t  s o  w e l l  d e f i n e d  a n d  t h e  1 0 B e  p e a k  i s  v i r t u a l l y  i m p e r c e p t i b l e .  T h e  
b a c k g r o u n d  s u b t r a c t i o n  r e p r e s e n t s  a  m u c h  l a r g e r  p r o p o r t i o n  o f  t h e  d a t a  i n  t h i s  
c a s e  a n d  h e n c e ,  t h e  a s s o c i a t e d  s t a t i s t i c a l  e r r o r s  a r e  i n c r e a s e d  r e l a t i v e  t o  t h o s e  f o r  
t h e  c a r b o n  t a r g e t .
T h e  d u r a t i o n  o f  t h e  l e a d  t a r g e t  e x p e r i m e n t  w a s  f o u r  a n d  a  h a l f  t i m e s  l o n g e r  
t h a n  f o r  t h e  c a r b o n  t a r g e t  e x p e r i m e n t .  H o w e v e r ,  i t  i s  c l e a r  f r o m  f i g u r e  5 . 1  t h a t  t h e  
q u a l i t y  o f  t h e  s t a t i s t i c s  f o r  t h e  l e a d  t a r g e t  d a t a  d o e s  n o t  r e f l e c t  t h e  l o n g e r  r u n n i n g  
t i m e .  T h e  c r o s s - s e c t i o n  f o r  t h e  r e a c t i o n  1 4 B e  - +  12B e + n  i s  m o r e  t h a n  5  t i m e s  a s  
l a r g e  f o r  a  l e a d  t a r g e t  ( 2 3 0 0 ± 4 0 0 m b )  t h a n  f o r  a  c a r b o n  t a r g e t  (  4 6 0 ± 4 0  m b )  
[ L a b 9 9 a ] .  H o w e v e r ,  t h e  o b s e r v e d  y i e l d  i s  d e p e n d e n t  o n  t h e  n u m b e r  o f  s c a t t e r i n g  
c e n t r e s  i n  t h e  t a r g e t .  T h e  c a r b o n  a n d  l e a d  t a r g e t  t h i c k n e s s e s  w e r e  c h o s e n  t o  g i v e  
t h e  s a m e  e n e r g y  l o s s ,  b u t  t h i s  m e a n s  t h a t ,  i n  t e r m s  o f  s c a t t e r i n g  c e n t r e s ,  t h e  l e a d  
t a r g e t  i s  m o r e  t h a n  a n  o r d e r  o f  m a g n i t u d e  t h i n n e r  t h a n  t h e  c a r b o n  t a r g e t .  T h e  
i n t e r a c t i o n  p r o b a b i l i t y  i s  r e d u c e d  a c c o r d i n g l y .
5.1 A rithm etic  velocity differences
T h e  A V D  s p e c t r a  w e r e  p r o d u c e d  w i t h  t h e  r e q u i r e m e n t  t h a t  t h e  n e u t r o n  w a s  
d e t e c t e d  i n  e i t h e r  t h e  c e n t r a l  d e t e c t o r  o r  t h e  f i r s t  r i n g  o f  d e t e c t o r s  f r o m  t h e  
c e n t r e .  T h i s  i s  e q u i v a l e n t  t o  a n  a n g u l a r  a c c e p t a n c e  o f  4 . 5 °  a b o u t  t h e  o p t i c a l  a x i s .  
T h e  f i n a l  A V D  s p e c t r a  a f t e r  b a c k g r o u n d  s u b t r a c t i o n  a r e  s h o w n  i n  f i g u r e  5 . 2 .  T h e  
e r r o r  b a r s  r e p r e s e n t  s t a t i s t i c a l  e r r o r s  o n l y .  T h e  r a w  d a t a  ( r e d  h i s t o g r a m )  a n d  
s c a l e d  b a c k g r o u n d  f r o m  t h e  ‘ t a r g e t  o u t ’ d a t a  ( g r e e n  h i s t o g r a m )  a r e  a l s o  s h o w n
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F i g u r e  5 . 2 :  A r i t h m e t i c  v e l o c i t y  d i f f e r e n c e  s p e c t r a  f o r  c a r b o n  t a r g e t  ( l e f t )  a n d  
l e a d  t a r g e t  ( r i g h t ) .
t o  d e m o n s t r a t e  t h e  e f f e c t  o f  t h e  b a c k g r o u n d  s u b t r a c t i o n .  B o t h  t h e  c a r b o n  t a r g e t  
a n d  l e a d  t a r g e t  d a t a  s h o w  a  s i n g l e  p e a k  a t  l o w  r e l a t i v e  v e l o c i t i e s .  T h e  c a r b o n  
s p e c t r u m  i s  p e r h a p s  n a r r o w e r  t h a n  t h a t  f o r  t h e  l e a d  t a r g e t  w i t h  a  f u l l  w i d t h  a t  
h a l f  m a x i m u m  ( F W H M )  o f  1 . 7 ± 0 . 1  c m / n s  c o m p a r e d  w i t h  1 . 8 ± 0 . 1  c m / n s  f o r  t h e  
l e a d .  G a u s s i a n  f i t s  t o  t h e  s u b t r a c t e d  s p e c t r a  ( s h o w n  i n  f i g u r e  5 . 2  a s  a  b l u e  l i n e )  
y i e l d  s t a n d a r d  d e v i a t i o n s  ( a )  o f  0 . 6 4  c m / n s  a n d  0 . 6 5  c m / n s  f o r  t h e  c a r b o n  a n d  
l e a d  t a r g e t  d a t a  r e s p e c t i v e l y .
A n y  s t r u c t u r e  w h i c h  a r i s e s  f r o m  s t a t e s  i n  t h e  u n b o u n d  13B e  s y s t e m  m u s t  b e  
s y m m e t r i c  a r o u n d  z e r o  i n  t h e  A V D  s p e c t r u m  f o r  t h e  r e a s o n s  p r e s e n t e d  i n  s e c t i o n  
2 . 3 . 2 .  T h e  l o c a t i o n  o f  s u c h  s t r u c t u r e s  d e p e n d s  o n  t h e  r e l a t i v e  e n e r g y  b e t w e e n  
t h e  1 2 B e  c o r e  a n d  t h e  n e u t r o n .  B y  c l a s s i c a l  k i n e m a t i c s ,  i t  i s  s i m p l e  t o  s h o w  t h a t
1 M e V  o f  r e l a t i v e  e n e r g y  c o r r e s p o n d s  t o  a  r e l a t i v e  v e l o c i t y  o f  1 . 4 4  c m / n s  a n d
2  M e V  t o  2 . 0 4  c m / n s .
I t  i s  c l e a r  f r o m  t h e s e  s p e c t r a  t h a t  t h e  e f f e c t  o f  t h e  b a c k g r o u n d  f r o m  e v e n t s  n o t  
r e l a t i n g  t o  t h e  f o r m a t i o n  o f  1 3 B e  i s  s t r o n g e r  o n  t h e  l e f t  s i d e  o f  t h e  s p e c t r a  t h a n  
o n  t h e  r i g h t .  T h i s  i s  m o s t  c l e a r l y  d e m o n s t r a t e d  i n  t h e  ‘ t a r g e t  o u t ’ d a t a  w h i c h  a r e
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p e a k e d  b e l o w  z e r o  r e l a t i v e  v e l o c i t y .  T h e  b a c k g r o u n d  i s  d u e  t o  n e u t r o n s  w h i c h  a r e  
t r a v e l l i n g  w i t h  v e l o c i t i e s  l o w e r  t h a n  t h a t  o f  t h e  12B e .  S i n c e  t h e  a n a l y s i s  a p p l i e d  
t h e  s a m e  t r e a t m e n t  t o  a n y  p a r t i c l e s  t h a t  a r e  i d e n t i f i e d  a s  12B e ,  t h e  h e a v y  i o n  
v e l o c i t y  i s  a l w a y s  c a l c u l a t e d  t o  b e  c l o s e  t o  t h e  b e a m  v e l o c i t y  a n d  t h e  n e u t r o n  
v e l o c i t y  i s  t h e r e f o r e  s e e n  t o  b e  r e d u c e d  r e l a t i v e  t o  t h a t  o f  t h e  b e a m .  T h e s e  
n e u t r o n s  c o m e  f r o m  r e a c t i o n s  i n  t h e  d e t e c t o r  t e l e s c o p e ,  i n  w h i c h  t h e  p r o j e c t i l e  i s  
s l o w e d  d o w n  b e f o r e  r e a c t i n g ,  a s  d e s c r i b e d  i n  s e c t i o n  4 . 2 . 7 .
F i g u r e  5 . 3 :  A V D  s p e c t r u m  f r o m  c a r b o n  t a r g e t  d a t a  w i t h  s i m u l a t i o n s  a s s u m i n g  a n  
s - w a v e  d e c a y  a t  5 0 0  k e V  ( r  =  5 0 0  k e V ) ,  a  d - w a v e  d e c a y  a t  2  M e V  ( r  = 5 4 0  k e V )  
a n d  a  f l a t  d i s t r i b u t i o n .  S e e  a l s o  f i g u r e  5 . 4 .
S i m u l a t i o n s  o f  t h e  e x p e r i m e n t  w e r e  r e q u i r e d  t o  i n t e r p r e t  t h e  A V D  s p e c t r a .  
T h e s e  w e r e  m a d e  b y  M a r c  L a b i c h e  u s i n g  t h e  M o n t e - C a r l o  s i m u l a t i o n  p r o g r a m  
‘G E A N T ’ [ G e a 8 7 ] .  T h e  s i z e s  a n d  m a t e r i a l s  o f  t h e  v a r i o u s  d e t e c t o r s  u s e d  i n  
t h e  e x p e r i m e n t  a n d  t h e  s i z e s  a n d  m a t e r i a l s  o f  t h e  t a r g e t  c h a m b e r  a n d  d e t e c ­
t o r  m o u n t s  w e r e  u s e d  t o  c r e a t e  a n  e x p e r i m e n t a l  f i l t e r  f o r  t h e  s i m u l a t i o n s .  T h e  
e n e r g y  r e s p o n s e  o f  t h e  D e M o N  m o d u l e s  w a s  s i m u l a t e d ,  a s  m e n t i o n e d  e a r l i e r  i n
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s e c t i o n  4 . 2 . 6 .  T h e  p o s i t i o n  a n d  e n e r g y  r e s o l u t i o n  o f  t h e  d e t e c t o r  t e l e s c o p e ,  t h e  
p o s i t i o n  a n d  t i m e  o f  f l i g h t  ( e n e r g y )  r e s o l u t i o n  o f  D e M o N ,  t h e  a n g u l a r  a n d  e n ­
e r g y  d i s p e r s i o n  o f  t h e  b e a m ,  p o s i t i o n  r e s o l u t i o n  o f  t h e  P P A C s  a n d  t h e  t h e  e f f e c t s  
o f  s t r a g g l i n g  i n  t h e  t a r g e t  w e r e  a l l  u s e d  i n  t h e  f i l t e r  t o  r e c r e a t e  t h e  e x p e r i m e n t  
r e a l i s t i c a l l y  i n  t h e  s i m u l a t i o n .
F i g u r e  5 . 3  s h o w s  t h r e e  s i m u l a t i o n s  o f  t h e  A V D  f o r  t h e  c a r b o n  t a r g e t  r e a c t i o n s  
w h i c h  a r e  s c a l e d  t o  t h e  i n t e n s i t y  o f  t h e  e x p e r i m e n t a l  d a t a .  T h e  b l u e  h i s t o g r a m  i s  
t h e  r e s u l t  o f  a  s i m u l a t i o n  w h i c h  a s s u m e s  t h a t  t h e r e  i s  s t r e n g t h  i n  t h e  c o n t i n u u m  
s t r u c t u r e  o f  13B e  w h i c h  c a n  b e  d e s c r i b e d  b y  a  B r e i t - W i g n e r  l i n e  s h a p e ,  p e a k e d  a t  
5 0 0  k e V  a n d  w i t h  a  w i d t h  o f  5 0 0  k e V .  I t  i s  a s s u m e d  i n  t h i s  s i m u l a t i o n  t h a t  t h e  
n e u t r o n  i s  i n  a  s - w a v e  v i r t u a l  s t a t e  a n d  t h a t  d i f f r a c t i o n  d i s s o c i a t i o n  a n d  s t r i p p i n g  
a r e  e q u a l l y  l i k e l y  r e a c t i o n  m e c h a n i s m s .  F o r  t h i s  r e a s o n ,  t h e  f i r s t  n e u t r o n  ( t h a t  i s  
t h e  n e u t r o n  w h i c h  i s  r e m o v e d  f r o m  14B e ,  n x )  w a s  p r o p a g a t e d  i n  h a l f  o f  t h e  e v e n t s  
a n d  i n  t h e  o t h e r  h a l f  t h i s  n e u t r o n  w a s  a s s u m e d  t o  b e  a b s o r b e d  a n d  t h e r e f o r e ,  
c o u l d  n o t  b e  d e t e c t e d .  F o r  t h e  d i f f r a c t e d  e v e n t s ,  t h e  m o d u l u s  o f  t h e  t r a n s v e r s e  
m o m e n t u m  o f  t h e  d i f f r a c t e d  n e u t r o n  w a s  s e l e c t e d  r a n d o m l y  f r o m  t h e  n e u t r o n  
m o m e n t u m  d i s t r i b u t i o n ,  a s  m e a s u r e d  b y  L a b i c h e ,  s e e  r e f e r e n c e  [ L a b 9 9 a ] .  T h e  
d i r e c t i o n  o f  t h e  d i f f r a c t e d  n e u t r o n  ( n i )  m o m e n t u m  v e c t o r  w a s  s e l e c t e d  r a n d o m l y  
f r o m  a  f l a t  d i s t r i b u t i o n  i n  b o t h  c o s ( 0)  a n d  c o s (</>), t h e  p o l a r  a n d  a z i m u t h a l  a n g l e s ,  
i n  t h e  c e n t r e  o f  m a s s  o f  t h e  1 4 B e  p r o j e c t i l e .  T h i s  e n s u r e d  a n  i s o t r o p i c  d i s t r i b u t i o n .  
T h e  m o m e n t a  o f  t h e  n e u t r o n s  w e r e  t r a n s f o r m e d  i n t o  t h e  l a b o r a t o r y  f r a m e  a n d  
t h e n  t h e  e x p e r i m e n t a l  f i l t e r  w a s  a p p l i e d .  T h i s  s i m u l a t i o n  a p p e a r s  t o  b e  i n  g o o d  
a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  d a t a .
T h e  s e c o n d  s i m u l a t i o n  ( r e d  h i s t o g r a m ) , a s s u m e s  a  d - w a v e  r e s o n a n c e  a t  2 M e V  
w i t h  a  w i d t h  o f  5 4 0  k e V ,  a s  p r o p o s e d  b y  O s t r o w s k i  e t .  a l .  [ O s t 9 2 ] .  T h e  r e a c t i o n  
a n d  n e u t r o n  p r o p a g a t i o n  w e r e  t r e a t e d  i n  t h e  s a m e  w a y  a s  i n  t h e  f i r s t  s i m u l a t i o n .  
T h i s  d - w a v e  a s s u m p t i o n  g i v e s  r i s e  t o  a  m u c h  w i d e r  d i s t r i b u t i o n ,  w h i c h  c a n  b e  
s c a l e d  t o  f i t  t h e  d a t a  a r o u n d  ± 1 . 5  c m / n s  r e a s o n a b l y  w e l l .  H o w e v e r ,  t h i s  p a r t  
o f  t h e  s p e c t r u m  i s  a l r e a d y  a d e q u a t e l y  c h a r a c t e r i s e d  b y  t h e  s - w a v e  s i m u l a t i o n
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( E r e i =  5 0 0  k e v ,  T  =  5 0 0  l c e V j ,  h e n c e  t h e r e  i s  n o  c o n v i n c i n g  e v i d e n c e  f o r  t h e  
p o p u l a t i o n  o f  t h e  d - w a v e  r e s o n a n c e  b a s e d  o n  t h e  A V D  s p e c t r u m .
T h e  g r e e n  h i s t o g r a m  s h o w s  t h e  s i m u l a t i o n  u s i n g  a  f l a t  d i s t r i b u t i o n  i n  t h e  13 B e  
c o n t i n u u m .  T h i s  s h o w s  t h e  e f f e c t  o f  t h e  a c c e p t a n c e s  o n  t h e  A V D .  T h e  o v e r a l l  
e f f i c i e n c y  i s  h i g h e r  f o r  z e r o  r e l a t i v e  e n e r g y  a s  c a n  b e  e x p e c t e d  f r o m  t h e  l i m i t e d  
a n g u l a r  r a n g e  u s e d .  H o w e v e r ,  t h e  p e a k  i s  m u c h  b r o a d e r  t h a n  t h a t  s e e n  i n  t h e  
e x p e r i m e n t a l  d a t a .  A s  t h e  e x c e s s  o f  c o u n t s  c o m p a r e d  w i t h  t h e  s i m u l a t i o n  o f  
t h e  a c c e p t a n c e s  a g r e e s  r e a s o n a b l y  w e l l  w i t h  t h e  p e a k  i n  t h e  s - w a v e  s i m u l a t i o n ,  
a l t h o u g h  t h e  s i m u l a t i o n  p r o d u c e s  a n  e x c e s s  o f  o f  c o u n t s  o n  t h e  r i g h t  h a n d  s i d e  
o f  t h e  p e a k ,  t h e s e  d a t a  s u g g e s t  t h a t  t h e r e  i s  s t r e n g t h  a t  l o w  e x c i t a t i o n  e n e r g i e s ,  
E x  <  0 . 5  M e V ,  i n  t h e  b r e a k u p  o f  13B e .  T h i s  s u p p o r t s  t h e  s u g g e s t i o n  f r o m  T h o e n -  
n e s s e n  [ T h o 9 7 ,  T h o O O ]  t h a t  t h e r e  i s  l o w  l y i n g  s t r e n g t h  i n  t h e  13 B e  c o n t i n u u m .  
B e l o w ,  f u r t h e r  e v i d e n c e  a n d  i n f o r m a t i o n  r e l a t i n g  t o  a  l o w  l y i n g  s t r u c t u r e  w i l l  b e  
e x a m i n e d  b e f o r e  f o r m i n g  a  c o n c l u s i o n .
T h e  A V D  s p e c t r u m  f o r  13B e  f r o m  t h e  w o r k  o f  T h o e n n e s s e n  [ T h o 9 7 ,  T h o O O ]  i s  
s h o w n  i n  t h e  u p p e r  p a n e l  o f  f i g u r e  5 . 4 .  T h e  e x p e r i m e n t  w a s  p e r f o r m e d  u s i n g  s e ­
q u e n t i a l  n e u t r o n  d e c a y  s p e c t r o s c o p y ,  a s  d e s c r i b e d  i n  s e c t i o n  2 . 3 . 2 .  T h e  d a t a  f r o m  
t h e  c u r r e n t  w o r k  ( c a r b o n  t a r g e t  d a t a )  h a v e  b e e n  s u p e r i m p o s e d  o n  t h e  s p e c t r u m  
f r o m  M S U  f o r  c o m p a r i s o n .  I n  b o t h  c a s e s  t h e r e  i s  a  n a r r o w  p e a k  a t  z e r o  r e l a t i v e  
v e l o c i t y ,  w i t h ,  t h e  p e a k  i n  t h e  M S U  s p e c t r u m  b e i n g  s i g n i f i c a n t l y  n a r r o w e r  t h a n  
t h a t  i n  t h e  c u r r e n t  w o r k .
I t  i s  p o s s i b l e  t h a t  t h i s  d i s c r e p a n c y  i n  w i d t h s  f o r  t h e  A V D  s p e c t r a  a r i s e s  f r o m  
r e s o l u t i o n  e f f e c t s  o r  f r o m  t h e  r e a c t i o n  m e c h a n i s m s .  T o  c h e c k  t h e  h y p o t h e s i s  
t h a t  i t  i s  r e s o l u t i o n  e f f e c t s ,  a  s i m u l a t i o n  w a s  p e r f o r m e d  u s i n g  a  h y p o t h e t i c a l  
s t a t e  a t  E r e i =  0.1 M e V  w i t h  a  w i d t h  V  —  0 . 1  M e V  t o  d e t e r m i n e  t h e  e f f e c t s  o f  
t h e  e x p e r i m e n t a l  r e s o l u t i o n s  o n  t h e  A V D  s p e c t r u m  i n  t h e  p r e s e n t  w o r k .  T h e  
r e s u l t i n g  s p e c t r u m  f r o m  t h i s  n a r r o w  l o w - l y i n g  s t a t e  s i m u l a t i o n  ( r e d  h i s t o g r a m  
i n  f i g u r e  5 . 4 )  i s  s i g n i f i c a n t l y  n a r r o w e r  t h a n  t h e  e x p e r i m e n t a l  s p e c t r u m  ( b l a c k  
h i s t o g r a m ) .  T h i s  s u g g e s t s  t h a t  t h e  A V D  s p e c t r u m  i s  n o t  r e s o l u t i o n  l i m i t e d .
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F i g u r e  5 . 4 :  U p p e r  p a n e l  s h o w s  t h e  A V D  s p e c t r u m  f r o m  a  f r a g m e n t a t i o n  r e a c t i o n  
e x p e r i m e n t  a t  M S U  [ T h o 9 7 ]  ( p o i n t s  w i t h  e r r o r  b a r s )  a n d  t h e  d a t a  f r o m  t h i s  w o r k  
( b l a c k  h i s t o g r a m )  f o r  c o m p a r i s o n .  T h e  s p e c t r u m  f r o m  t h i s  w o r k  i s  f r o m  r e a c t i o n s  
o n  t h e  c a r b o n  t a r g e t  a n d  h a s  b e e n  s c a l e d  t o  t h e  m a x i m u m  y i e l d  o f  t h e  M S U  d a t a .  
T h e  r e d  h i s t o g r a m  i n  t h e  l o w e r  p a n e l  s h o w s  a  s i m u l a t i o n  f o r  E ret  =  0 . 1  M e V ,  
r  =  0 . 1  M e V .  T h e  s p e c t r u m  f r o m  a  s i m u l a t i o n  u s i n g  t h e  l i n e s h a p e  p r o p o s e d  i n  
[ B e r 9 8 ]  i s  s h o w n  b y  t h e  b l u e  h i s t o g r a m .  T h e s e  s i m u l a t i o n s  a r e  o f  t h e  p r e s e n t  
e x p e r i m e n t ,  n o t  t h e  M S U  e x p e r i m e n t .
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A n  e i k o n a l  m o d e l  c a l c u l a t i o n  ( o f  t h e  t y p e  d e s c r i b e d  b y  B e r t s c h ,  H e n c k e n  a n d  
E s b e n s e n  [ B e r 9 8 ] )  h a s  b e e n  u s e d  r e c e n t l y  t o  s i m u l a t e  t h e  M S U  e x p e r i m e n t a l  
A V D  s p e c t r u m  [ T h o O O ] .  T h i s  s i m u l a t i o n ,  u s i n g  a  s c a t t e r i n g  l e n g t h  a s  =  2 0  f m  
( c o r r e s p o n d i n g  t o  a  v i r t u a l  s t a t e  a t  E rei  &  6 0  k e V )  w a s  f o u n d  t o  r e p r o d u c e  t h e  
c e n t r a l  p e a k  i n  t h e  e x p e r i m e n t a l  d a t a .  T h e  l i n e s h a p e  f r o m  t h e  B e r t s c h ,  H e n c k e n  
a n d  E s b e n s e n  c a l c u l a t i o n  ( u s i n g  t h e  p a r a m e t e r s  i n  t h i s  p a p e r ,  w h i c h  g i v e s  a  p e a k  
a t  E r e i =  1 0 0  k e V )  w a s  u s e d  f o r  a  s i m u l a t i o n  c o n t a i n i n g  t h e  e x p e r i m e n t a l  f i l t e r  
d e v e l o p e d  f o r  t h e  c u r r e n t  e x p e r i m e n t  ( b l u e  h i s t o g r a m  f i g u r e  5 . 4 ) .  T h i s  s i m u l a t i o n  
p r o v i d e s  a  r e a s o n a b l e  d e s c r i p t i o n  o f  t h e  m e a s u r e d  s p e c t r u m .  T h i s  s u g g e s t s  t h a t  
t h e  A V D  p r e s e n t e d  h e r e  i s  b r o a d l y  i n  a g r e e m e n t  w i t h  t h e  p r e v i o u s  m e a s u r e m e n t  
a t  M S U ,  a n d  t h a t  t h e  a p p a r e n t  d i s c r e p a n c i e s  b e t w e e n  t h e  w i d t h s  o f  t h e  s p e c t r a  
a r e  d u e  m a i n l y  t o  t h e  e x p e r i m e n t a l  p a r a m e t e r s .
5.2 Invariant mass spectra
T h e  l a r g e  a n g u l a r  c o v e r a g e  a n d  t h e  a v a i l a b i l i t y  o f  p o s i t i o n  i n f o r m a t i o n  f o r  t h e  
n e u t r o n  w a s  u s e d  i n  t h e  i n v a r i a n t  m a s s  a n a l y s i s  o f  t h e  d a t a .  A s  t h e  b a c k g r o u n d  
i s  l a r g e r  f o r  n e u t r o n s  t r a v e l l i n g  s l o w e r  t h a n  t h e  a p p a r e n t  12B e ,  a  c u t ,  t e r m e d  t h e  
A V D  c u t ,  w a s  i m p o s e d  o n  t h e  d a t a  t o  i m p r o v e  t h e  s i g n a l  t o  n o i s e .  A  c u t  a t  
z e r o  r e l a t i v e  e n e r g y  i n  t h e  A V D  s p e c t r u m  s h o u l d  n o t  d i s t o r t  t h e  i n v a r i a n t  m a s s  
s p e c t r u m  a s  t h i s  r e l a t e s  a p p r o x i m a t e l y  t o  a  p l a n e  o f  s y m m e t r y  i n  t h e  b r e a k u p .  
T h a t  i s  t o  s a y ,  t h e  d a t a  t o  t h e  r i g h t  o f  z e r o  i n  t h e  A V D  c o r r e s p o n d  t o  e v e n t s  
w h e r e  t h e  n e u t r o n  d e c a y s  i n  t h e  f o r w a r d  d i r e c t i o n  i n  t h e  c e n t r e  o f  m a s s ,  w h i c h  
s h o u l d  b e  i d e n t i c a l  t o  t h e  e v e n t s  w h e r e  t h e  n e u t r o n  i s  e m i t t e d  b a c k w a r d s  i n  t e r m s  
o f  t h e  r e l a t i v e  e n e r g y  s p e c t r u m .  T h i s  d o e s  n o t  b i a s  t h e  m e a s u r e d  r e l a t i v e  e n e r g y  
o f  t h e  d e c a y .
T h e  r e c o n s t r u c t e d  i n v a r i a n t  m a s s  ( r e l a t i v e  e n e r g y )  s p e c t r a  f o r  1 3 B e  f o r  t h e  
c a r b o n  ( l e f t )  a n d  l e a d  ( r i g h t )  t a r g e t  d a t a  s e t s  a r e  s h o w n  i n  f i g u r e  5 . 5 .  T h e  s p e c t r a  
b e f o r e  a p p l i c a t i o n  o f  t h e  A V D  c u t  a r e  s h o w n  i n  t h e  u p p e r  h a l f  o f  t h e  f i g u r e .  F o r
CHAPTER 5. RESULTS 141
Carbon target Lead target
2000
1500
1000 -
8000
6000
- 4000
- 2000
1500
1000
■ 500
3 4
rel Be (MeV)
F i g u r e  5 . 5 :  I n v a r i a n t  m a s s  s p e c t r a  s h o w i n g  r e l a t i v e  e n e r g y  b e t w e e n  1 2 B e  i o n  a n d  
n e u t r o n  i n  t h e  r e s t  f r a m e  o f  t h e  r e c o n s t r u c t e d  1 3 B e  p a r t i c l e  f o r  ( a )  c a r b o n  t a r g e t  
a n d  ( b )  l e a d  t a r g e t .  S p e c t r a  ( c )  a n d  ( d ) :  a s  f o r  ( a )  a n d  ( b )  b u t  w i t h  t h e  ‘A V D  
c u t 1 c o n d i t i o n  t h a t  t h e  m a g n i t u d e  o f  t h e  n e u t r o n  v e l o c i t y  i s  g r e a t e r  t h a n  t h a t  
f o r  t h e  h e a v y  i o n .  T h e  r a w  d a t a  a r e  s h o w n  b y  t h e  r e d  h i s t o g r a m ,  t h e  s c a l e d  
b a c k g r o u n d  b y  t h e  g r e e n  h i s t o g r a m  a n d  t h e  s u b t r a c t e d  d a t a  b y  t h e  p o i n t s  w i t h  
e r r o r  b a r s .
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t h e  c a r b o n  t a r g e t  d a t a  ( s p e c t r u m  ( a ) ) ,  t h e r e  i s  a  s h a r p  r i s e  a t  v e r y  l o w  r e l a t i v e  
e n e r g i e s  ( p e a k i n g  a t  4 0 0  k e V ) ,  f o l l o w e d  b y  a  m o r e  s h a l l o w  f a l l  i n  c o u n t s .  T h e r e  
a r e  t w o  o t h e r  f e a t u r e s  w h i c h  a r e  p o s s i b l y  d i s c e r n a b l e  i n  t h i s  s p e c t r u m ,  n a m e l y  a  
s t e p  i n  t h e  y i e l d  a t  a r o u n d  2  M e V  a n d  e v i d e n c e  f o r  a  s m a l l  p e a k  a r o u n d  3  M e V .  
W h e n  t h e  A V D  c u t  i s  a p p l i e d  ( s p e c t r u m  ( c ) ) ,  t h e  d i s t i n c t i v e  l o w  e n e r g y  p e a k  
a n d  t h e  p o s s i b l e  3  M e V  p e a k  a r e  l a r g e l y  u n c h a n g e d .  A r o u n d  1 M e V ,  t h e  s h a r p  
f a l l - o f f  i n  c o u n t s  s t o p s  a n d  a s  b e f o r e ,  i t  a p p e a r s  t h a t  a n o t h e r  e x p l a n a t i o n  m u s t  
b e  f o u n d  f o r  t h e  c o u n t s  i n  t h e  r e g i o n  o f  2  M e V .
T h e  e f f e c t  o f  t h e  A V D  c u t  o n  t h e  l e a d  t a r g e t  i n v a r i a n t  m a s s  s p e c t r a  i s  m o r e  
p r o n o u n c e d .  I n  f i g u r e  5 . 5 ( b ) ,  t h e  l o w  e n e r g y  p e a k  i s  n o t  a s  w e l l  d e f i n e d  a s  t h a t  
f o r  t h e  c a r b o n  t a r g e t  d a t a  a n d  i s  c e n t r e d  a r o u n d  6 0 0  k e V .  N o  o t h e r  s t a t i s t i c a l l y  
s i g n i f i c a n t  s t r u c t u r e  i s  p r e s e n t  i n  t h i s  s p e c t r u m .  W i t h  t h e  A V D  c u t  i m p o s e d  
( p a n e l  ( d ) ) ,  t h e  i n i t i a l  p e a k  a p p e a r s  n a r r o w e r  a n d  t h e  s l i g h t l y  r e d u c e d  i n  e n e r g y .
T h e  i n t e r p r e t a t i o n  o f  t h e s e  r e l a t i v e  e n e r g y  s p e c t r a ,  l i k e  t h e  A V D ,  i s  c o m ­
p l i c a t e d  b y  t h e  e n e r g y  a n d  a n g u l a r  r e s o l u t i o n s  o f  t h e  d e t e c t o r  s y s t e m  a n d  t h e  
a n g u l a r  a c c e p t a n c e  f o r  t h e  n e u t r o n  d e t e c t o r s .  T h e r e f o r e ,  s i m i l a r  s i m u l a t i o n s  t o  
t h o s e  d e s c r i b e d  e a r l i e r  f o r  t h e  A V D  w e r e  p e r f o r m e d  f o r  c o m p a r i s o n  w i t h  t h e  
m e a s u r e d  r e l a t i v e  e n e r g y  s p e c t r a .  A  n u m b e r  o f  s c e n a r i o s  w e r e  s i m u l a t e d  w i t h  
e a c h  r e s u l t  s c a l e d  i n  f i g u r e  5 . 6  t o  b e  a t  m o s t  e q u a l  t o  t h e  y i e l d  o f  t h e  m e a s u r e d  
d i s t r i b u t i o n .
A  f l a t  d i s t r i b u t i o n  ( r e d  h i s t o g r a m ) ,  a s  w i t h  t h e  A V D ,  w a s  u s e d  t o  s i m u l a t e  
t h e  e f f e c t  o f  t h e  a c c e p t a n c e s  o n  t h e  i n v a r i a n t  m a s s  m e a s u r e m e n t .  T h e  r e s u l t i n g  
c u r v e  i s  f a i r l y  f l a t ,  a l t h o u g h  i t  t a i l s  o f f  t o w a r d s  h i g h e r  r e l a t i v e  e n e r g i e s ,  s h o w i n g  
t h e  r e d u c t i o n  i n  t h e  d e t e c t i o n  e f f i c i e n c y  f o r  t h e s e  e v e n t s .  T h i s  s c e n a r i o  a l o n e  
c a n n o t  e x p l a i n  t h e  o b s e r v e d  e x p e r i m e n t a l  r e s u l t .  A s  t h e  s i m u l a t i o n  f o r  t h e  f l a t  
d i s t r i b u t i o n  e q u a l s  t h e  d a t a  a t  4 . 5  M e V  a n d  a b o v e ,  i t  i s  c l e a r  t h a t  n o  c o m b i n a t i o n  
o f  b r o a d  r e s o n a n c e s  a t  o r  a b o v e  4 . 5  M e V  c a n  e x p l a i n  t h e  e x t r a  s t r e n g t h  i n  t h e  1 
t o  3  M e V  r e g i o n .
T h e  g r e e n  h i s t o g r a m  i s  t h e  r e s u l t  o f  a  s i m u l a t i o n  a s s u m i n g  t h a t  t h e  i n t e n s i t y
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F i g u r e  5 . 6 :  R e l a t i v e  e n e r g y  s p e c t r a  f o r  1 3 B e  a s  m e a s u r e d  a n d  a s  s i m u l a t e d  f o r  a  
n u m b e r  o f  s c e n a r i o s  ( s e e  t e x t ) .
r i s e s  l i n e a r l y  w i t h  r e l a t i v e  e n e r g y .  T h e  l i n e a r  f u n c t i o n  i n  E r e i c o r r e s p o n d s  t o  a  
u n i f o r m  d i s t r i b u t i o n  o f  t h e  r e l a t i v e  12B e - n  v e l o c i t y  i n  v r e / p h a s e  s p a c e .  T h a t  i s ,  
t h e  v o l u m e  o f  p h a s e  s p a c e  a t  a  r e l a t i v e  v e l o c i t y  v r e j ( o r  c o r r e s p o n d i n g  E r e i )  i s  
g i v e n  b y  47r v 2e id v r e / , w h i c h  i s  p r o p o r t i o n a l  t o  E r e t . A n y  n o n - u n i f o r m  d i s t r i b u t i o n  
o c c u p y i n g  a  l a r g e  v o l u m e  o f  p h a s e  s p a c e  n e a r  t h e  o r i g i n  w i l l  b e  b i a s e d  t o w a r d s  
h i g h e r  E r e i . ( N o t e  t h a t  a  d i f f e r e n t  s i t u a t i o n  o c c u r s  f o r  t h e  b a c k g r o u n d  c o u n t s  
a r i s i n g  f r o m  r e a c t i o n s  i n  t h e  C s l  d e t e c t o r ,  f o r  w h i c h  t h e  \ r e i d i s t r i b u t i o n  i s  h i g h l y  
a s y m m e t r i c  i n  p h a s e  s p a c e . )  T h i s  h i s t o g r a m  i s  w i d e r  s t i l l  t h a n  t h a t  f o r  t h e  f l a t  
d i s t r i b u t i o n .  I t  c a n  b e  e x p e c t e d ,  t h e r e f o r e ,  t h a t  t h e  m e a s u r e d  i n v a r i a n t  m a s s  
c o n t a i n s  s o m e  i n f o r m a t i o n  a b o u t  t h e  s t r u c t u r e  o f  13 B e  a n d  d o e s  n o t  a r i s e  f r o m  
t h e  d e t e c t i o n  o f  n e u t r o n s  u n a s s o c i a t e d  w i t h  t h e  14B e  p r o j e c t i l e .
T h e  s i m u l a t i o n  u s i n g  a  B r e i t - W i g n e r  l i n e  s h a p e  a t  5 0 0  k e V  w i t h  a  w i d t h  
o f  5 0 0  k e V  i n  t h e  13B e  c o n t i n u u m ,  d e s c r i b e d  a b o v e  i n  s e c t i o n  5 . 1 ,  w a s  u s e d  t o  
p r e d i c t  t h e  c o r r e s p o n d i n g  i n v a r i a n t  m a s s  d i s t r i b u t i o n  ( b l u e  h i s t o g r a m ) .  T h e  l o w
« measured 
-  flat dis 
linear dis
E= 0.5 MeV, r  = 0.5 MeV
d.„ state at 2MeV
til
I f1, i ,
*  * I  T H t  T f ;
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e n e r g y  p e a k  h a s  s i m i l a r i t i e s  w i t h  t h e  l o c a l i s e d  c o n c e n t r a t i o n  o f  c o u n t s  a t  v e r y  
l o w  E re i v a l u e s ,  b u t  d o e s  n o t  r i s e  q u i t e  a s  r a p i d l y  a s  t h a t  i n  t h e  e x p e r i m e n t a l  
d a t a .  T h e r e  i s  a n  e x c e s s  i n  y i e l d  a b o v e  1 M e V  r e l a t i v e  e n e r g y  w h i c h  c a n n o t  b e  
d e s c r i b e d  b y  a n y  c o m b i n a t i o n  o f  t h e  f i r s t  t h r e e  s i m u l a t i o n s  a l o n e .  T h i s  s i t u a t i o n  
i s  i n  c o n t r a s t  t o  t h a t  f o r  t h e  A V D  s p e c t r u m ,  w h e r e  t h e  e q u i v a l e n t  s i m u l a t i o n  
w a s  a b l e  t o  e x p l a i n  v i r t u a l l y  a l l  o f  t h e  i n t e n s i t y .  T h e  m a i n  d i f f e r e n c e  i n  t h e  t w o  
a n a l y s e s  i s  t h e  l a r g e r  a n g u l a r  a c c e p t a n c e  f o r  n e u t r o n s  u s e d  i n  t h e  i n v a r i a n t  m a s s  
a n a l y s i s .  T h e  e v i d e n c e  h e r e  i s  t h a t  t h i s  h a s  i m p r o v e d  t h e  s e n s i t i v i t y  t o  t h e  h i g h e r  
r e l a t i v e  e n e r g y  v a l u e s ,  e n h a n c i n g  t h e i r  i n t e n s i t y  r e l a t i v e  t o  t h e  l o w - l y i n g  s t r e n g t h .
T h e  d - w a v e  r e s o n a n c e  s i m u l a t i o n  i s  a l s o  s h o w n  ( p i n k  h i s t o g r a m ) .  A l t h o u g h  
t h i s  r e s o n a n c e  i s  s e t  a t  2  M e V  i n  t h e  i n p u t  t o  t h e  s i m u l a t i o n ,  t h e  r e s u l t i n g  
d i s t r i b u t i o n  i s  p e a k e d  a t  1 . 6  M e V .  T h i s  i s  a  r e f l e c t i o n  o f  t h e  h i g h e r  e f f i c i e n c y  f o r  
d e t e c t i o n  a t  l o w e r  r e l a t i v e  e n e r g i e s  d i s t o r t i n g  t h e  i n v a r i a n t  m a s s  s p e c t r u m .  I t  i s  
p o s s i b l e  t h a t  t h i s  r e s o n a n c e  i s  p r o v i d i n g  a  s h a r e  o f  t h e  e x c e s s  c o u n t s ,  h o w e v e r  
t h e  e v i d e n c e  f r o m  t h i s  E re i s p e c t r u m  f o r  t h e  p o p u l a t i o n  o f  t h e  d |  s t a t e  i s  w e a k .
T h e  d e t a i l e d  i n t e r p r e t a t i o n  o f  t h e  i n v a r i a n t  m a s s  s p e c t r a  r e l i e s  o n  k n o w l e d g e  
a b o u t  t h e  r e a c t i o n  m e c h a n i s m .  F o r  t h e  c a r b o n  t a r g e t  d a t a ,  w h e r e  t h e  C o u l o m b  
i n t e r a c t i o n  i s  m i n i m a l ,  t w o  r e a c t i o n  m e c h a n i s m s ;  o n e - n e u t r o n  r e m o v a l  ( s t r i p p i n g ,  
o r  a b s o r p t i o n )  a n d  d i f f r a c t i o n  d i s s o c i a t i o n ,  a r e  c o n s i d e r e d .  I n  a  n e u t r o n  s t r i p p i n g  
r e a c t i o n ,  t h e  f i r s t  n e u t r o n  i s  a s s u m e d  t o  b e  a b s o r b e d  f r o m  t h e  i n c i d e n t  c h a n n e l ,  
m e a n i n g  t h a t  i t  m a y  b e  p h y s i c a l l y  a b s o r b e d  b y  t h e  t a r g e t  n u c l e u s ,  o r  m o r e  l i k e l y  
s c a t t e r e d  t o  l a r g e  a n g l e s  o r  e l s e  g r e a t l y  r e d u c e d  i n  e n e r g y .  I t  w o u l d  t h e n  e i t h e r  
n o t  b e  d e t e c t e d  o r  b e  r e m o v e d  f r o m  t h e  d a t a  b y  t h e  l o w  e n e r g y  n e u t r o n  t h r e s h ­
o l d  i m p o s e d  i n  t h e  a n a l y s i s .  T h e s e  r e a c t i o n  m e c h a n i s m s  n e c e s s a r i l y  r e s u l t  i n  a  
n e u t r o n  m u l t i p l i c i t y  o f  o n e  f o r  t h e  b r e a k u p  o f  a  t w o  n e u t r o n  h a l o .
F o l l o w i n g  t h e  p r o c e s s  o f  d i f f r a c t i o n  d i s s o c i a t i o n  o f  a  t w o  n e u t r o n  h a l o ,  b o t h  
n e u t r o n s  l e a v e  t h e  r e a c t i o n  w i t h  a p p r o x i m a t e l y  t h e  s a m e  v e l o c i t y  a s  t h e  p r o j e c ­
t i l e ,  r e s u l t i n g  i n  a  n e u t r o n  m u l t i p l i c i t y  o f  t w o .  W h e n  a  s i n g l e  n e u t r o n  i s  d e t e c t e d  
f o l l o w i n g  d i f f r a c t i o n  d i s s o c i a t i o n ,  t h e r e  i s  a n  e q u a l  c h a n c e  t h a t  i t  a r i s e s  f r o m  t h e
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n e u t r o n  d i f f r a c t e d  f r o m  t h e  h a l o  o r  t h a t  i t  i s  t h e  n e u t r o n  a s s o c i a t e d  w i t h  t h e  s e ­
q u e n t i a l  d e c a y  o f  t h e  i n t e r m e d i a t e  p a r t i c l e .  H e n c e ,  i n  t h e  d i f f r a c t i o n  d i s s o c i a t i o n  
o f  1 4 B e ,  h a l f  o f  t h e  o n e  n e u t r o n  e v e n t s  a r e  e x p e c t e d  t o  r e s u l t  f r o m  t h e  d e c a y  o f  
1 3 B e .
T h e s e  t w o  r e a c t i o n  m e c h a n i s m s  c a n  t h e r e f o r e  b e  s e p a r a t e d  a c c o r d i n g  t o  n e u ­
t r o n  m u l t i p l i c i t y .  I n  h i s  t h e s i s  [ L a b 9 9 a ] ,  M a r c  L a b i c h e  m e a s u r e d  t h e  n e u t r o n  
m u l t i p l i c i t y  f o r  t h e s e  d a t a  a f t e r  c o r r e c t i n g  f o r  t h e  n e u t r o n  d e t e c t i o n  e f f i c i e n c i e s  
f o r  b o t h  t h e  c a r b o n  a n d  l e a d  t a r g e t s .  T h e  v a l u e s  o f  1 . 7 4 T 0 . 3 3  a n d  1 . 6 3 ± 0 . 2 6  f o r  
t h e  l e a d  a n d  c a r b o n  t a r g e t  r e s p e c t i v e l y  a r e  b e s t  r e p r o d u c e d  b y  a  l a r g e  c o n t r i ­
b u t i o n  f r o m  b o t h  a b s o r p t i o n  a n d  d i f f r a c t i o n  d i s s o c i a t i o n ,  w h i c h  i n  t u r n  s u g g e s t s  
t h a t  m o r e  t h a n  h a l f  o f  t h e  e v e n t s  o r i g i n a t e  f r o m  1 3 B e .  T h e  s i m u l a t i o n s ,  w h i c h  
a s s u m e  a n  e q u a l  a m o u n t  o f  t h e s e  t w o  r e a c t i o n  m e c h a n i s m s ,  a r e  i n  a c c o r d a n c e  
w i t h  t h e  e x p e r i m e n t a l  e v i d e n c e .
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D e c a y  E n e r g y  ( M e V )
F i g u r e  5 .7 :  I n v a r i a n t  m a s s  s p e c t r u m  o f 13B e  f r o m  t h e  b r e a k u p  o f  14B e  o n  a  c a r b o n  
t a r g e t ,  m e a s u r e d  a t  G S I  a t  2 8 7  M e V / A  [ J o n 9 8 ]
I n  c a n  b e  c o n c l u d e d  t h a t  t h e r e  i s  e v i d e n c e  i n  t h i s  d a t a  s e t  f o r  v e r y  l o w  l y i n g  
s t r e n g t h  i n  t h e  c o n t i n u u m  o f  1 3 B e .  A l t h o u g h  i t  i s  n o t  p o s s i b l e  a t  t h i s  s t a g e  t o
CHAPTER 5. RESULTS 146
f i n d  a  u n i q u e  f i t t e d  s e t  o f  e n e r g i e s  a t  w h i c h  t h i s  s t r e n g t h  i s  p r e s e n t ,  t h e  e v i d e n c e  
f r o m  t h e  s i m u l a t i o n  o f  a  B r e i t - W i g n e r  d i s t r i b u t i o n  a t  5 0 0  k e V  s u g g e s t s  t h a t  a  
s i g n i f i c a n t  c o m p o n e n t  i s  p e a k e d  a t  a n  e n e r g y  e v e n  c l o s e r  t o  t h e  n e u t r o n  t h r e s h o l d  
t h a n  5 0 0  k e V .  S i m i l a r  l o w - l y i n g  s t r e n g t h  i n  t h e  i n v a r i a n t  m a s s  s p e c t r u m  f o r  
13B e  h a s  a l s o  b e e n  o b s e r v e d  f o l l o w i n g  t h e  b r e a k u p  o f  14B e  o n  a  c a r b o n  t a r g e t ,  
p e r f o r m e d  a t  G S I  ( s e e  f i g u r e  5 . 7 ) .  T h e  s p e c t r u m  w a s  i n t e r p r e t e d  i n  t e r m s  o f  a n  s -  
w a v e  v i r t u a l  s t a t e  c l o s e  t o  t h e  12B e  +  n  t h r e s h o l d  ( d a s h e d  c u r v e )  a n d  a  r e s o n a n c e  
a t  j u s t  a b o v e  2  M e V  ( d o t t e d  c u r v e ) .  T h e  G S I  e x p e r i m e n t  w a s  p e r f o r m e d  a t  
2 8 7  M e V / A ,  w h i c h  is  a  m u c h  h i g h e r  t h a n  t h e  b r e a k u p  e n e r g y  u s e d  i n  t h e  c u r r e n t  
w o r k .  I t  i s  p o s s i b l e ,  t h e r e f o r e ,  t h a t  d i f f e r e n t  r e a c t i o n  m e c h a n i s m s  a r e  i m p o r t a n t  
f o r  t h e  t w o  e x p e r i m e n t s .
5.3 M om entum  D istributions
M o s t  o f  t h e  e a r l y  s t u d i e s  o f  t h e  m o m e n t u m  d i s t r i b u t i o n s  f o l l o w i n g  t h e  b r e a k u p  
o f  h a l o  n u c l e i  m e a s u r e  t h e  c o r e  a l o n e  a n d  n o t  t h e  h a l o  n e u t r o n s  i n  c o i n c i d e n c e .  
I n  t h e  n e u t r o n  s t r i p p i n g  f r o m  o n e - n e u t r o n  h a l o e s ,  t h e  c o r e  m o m e n t u m ,  i g n o r i n g  
a n y  F S I  w i t h  t h e  t a r g e t ,  s h o u l d  r e p r e s e n t  t h a t  o f  t h e  r e m o v e d  n e u t r o n .  T h i s  
a p p r o a c h  w a s  a l s o  u s e d  t o  i n t e r p r e t  t h e  c o r e  m o m e n t u m  d i s t r i b u t i o n s  f r o m  t w o -  
n e u t r o n  h a l o e s  ( s e e  [ K o b 8 8 ] f o r  e x a m p l e ) .  H o w e v e r ,  t h i s  i n t e r p r e t a t i o n  d o e s  n o t  
t a k e  i n t o  a c c o u n t  a n y  F S I  b e t w e e n  t h e  c o r e  a n d  t h e  s e c o n d  n e u t r o n ,  a s  m a y  b e  
e x p e c t e d  i f  a  r e s o n a n t  i n t e r m e d i a t e  p a r t i c l e  i s  f o r m e d .  I t  i s  l i k e l y  t h a t  i f  t h e r e  i s  a  
s t r o n g  i n t e r m e d i a t e  p a r t i c l e  F S I  t h e n  t h e  c o r e  ( o r  n e u t r o n )  m o m e n t u m  w i l l  r e f l e c t  
t h e  s i n g l e  p a r t i c l e  s t r u c t u r e  o f  t h a t  i n t e r m e d i a t e  p a r t i c l e .  A s  h a s  b e e n  e x p l a i n e d  
i n  s e c t i o n  2 . 3 .3 ,  i t  i s  t h e  m o m e n t u m  o f  t h e  r e c o n s t r u c t e d  r e s o n a n t  p a r t i c l e  w h i c h  
p r o v i d e s  i n f o r m a t i o n  a b o u t  t h e  s t r u c t u r e  o f  t h e  h a l o  n u c l e u s .  A l l  o f  t h e  s p e c t r a  
i n  t h i s  s e c t i o n  a r e  f o r  m o m e n t a  c a l c u l a t e d  i n  t h e  r e s t  f r a m e  o f  t h e  14B e  p r o j e c t i l e .
T h e  w i d t h s  o f  t h e s e  d i s t r i b u t i o n s  ( A p )  p r o v i d e  i n f o r m a t i o n  r e g a r d i n g  t h e  
i n t r i n s i c  s t r u c t u r e  o f  14B e  o r  1 3 B e ,  a l t h o u g h  f o r  t h e  r e a s o n s  o u t l i n e d  a b o v e  i t
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i s  n e c e s s a r y  t o  a p p l y  a  g o o d  t h e o r e t i c a l  m o d e l  o f  t h e  r e a c t i o n  m e c h a n i s m  i n  
o r d e r  t o  r e c o v e r  t h e  d e t a i l s  o f  t h e  s t r u c t u r e  i n f o r m a t i o n .  T h e  f u l l  w i d t h s  a t  h a l f  
m a x i m u m  ( F W H M )  h a v e  b e e n  m e a s u r e d  f r o m  v a r i o u s  m o m e n t u m  d i s t r i b u t i o n  
s p e c t r a  w h i c h  a r e  s h o w n  b e l o w  a n d  a r e  s u m m a r i s e d  i n  t a b l e s  5 . 1 ,  5 .2  a n d  5 .3 .
5 .3 .1  I n c lu s iv e  d a t a  fo r  14B e  a n d  12B e
T h e  r e s o l u t i o n  i n  t h e  h e a v y  i o n  p o s i t i o n  a n d  e n e r g y  m e a s u r e m e n t s ,  b o t h  b e f o r e  
a n d  a f t e r  t h e  t a r g e t ,  a f f e c t s  t h e  r e s o l u t i o n  o f  t h e  m o m e n t u m  d i s t r i b u t i o n s  d e t e r ­
m i n e d  i n  t h i s  w o r k .  T h i s  w a s  q u a n t i f i e d  b y  m e a s u r i n g  t h e  a p p a r e n t  r e c o n s t r u c t e d  
c o m p o n e n t s  o f  t h e  m o m e n t u m  o f  t h e  14B e  p r o j e c t i l e .  A s  w i t h  a l l  t h e  m o m e n t u m  
d i s t r i b u t i o n s  s h o w n  h e r e ,  t h e  m e a s u r e d  m o m e n t u m  o f  t h e  h e a v y  i o n  i n  t h e  d e ­
t e c t o r  t e l e s c o p e  w a s  t r a c e d  b a c k  t o  t h e  c e n t r e  o f  t h e  t a r g e t  a n d  t h e n  t r a n s f o r m e d  
i n t o  t h e  r e s t  f r a m e  o f  t h e  p r o j e c t i l e  a t  t h a t  p o i n t .  T h e  m o m e n t u m  o f  t h e  p r o j e c ­
t i l e  w a s  m e a s u r e d  b e f o r e  t h e  t a r g e t  a n d  a n  e n e r g y  l o s s  r e l a t i n g  t o  t h e  i n t e r v e n i n g  
d E o  d e t e c t o r  a n d  h a l f  t h e  t a r g e t  t h i c k n e s s  w a s  a p p l i e d .  T h e  r e s u l t i n g  s p e c t r a  
s h o u l d  i d e a l l y  s h o w  a  n a r r o w  s p i k e  a t  z e r o  m o m e n t u m  a n d  a n y  d e v i a t i o n  f r o m  
t h i s  i s  a  m e a s u r e m e n t  o f  t h e  r e s o l u t i o n .  T h e  d i f f e r e n c e  i n  t h e  r e s o l u t i o n  f o r  t h e  
t r a n s v e r s e  a n d  l o n g i t u d i n a l  m o m e n t a  i s  c l e a r  f r o m  f i g u r e  5 . 8 .  T h e  l o n g i t u d i n a l  
r e s o l u t i o n  i s  d o m i n a t e d  b y  t h e  e n e r g y  r e s o l u t i o n  o f  t h e  t e l e s c o p e ,  w h e r e a s  t h a t  f o r  
t h e  t r a n s v e r s e  m o m e n t u m  d i s t r i b u t i o n  i s  d o m i n a t e d  b y  t h e  p o s i t i o n  r e s o l u t i o n s  
o f  t h e  P P A C s  a n d  t o  s o m e  e x t e n t  t h e  p o s i t i o n  s e n s i t i v e  s i l i c o n  d e t e c t o r .  T h e  
b a d  w i r i n g  o f  t h e  s e c o n d  P P A C  h a s  t h e  e f f e c t  o f  d o u b l i n g  i t s  p o s i t i o n  r e s o l u t i o n ,  
w h i c h  i n  t u r n  i n f l u e n c e s  t h e  m o m e n t u m  r e s o l u t i o n  i n  t h e  t r a n s v e r s e  d i r e c t i o n .
I n  t h e  t r a n s v e r s e  d i r e c t i o n ,  t h e  c e n t r o i d  o f  t h e  m o m e n t u m  d i s t r i b u t i o n  i s  
c e n t r e d  a t  z e r o  f o r  b o t h  t h e  ‘t a r g e t  o u t ’ a n d  t h e  ‘c a r b o n  t a r g e t 5 s p e c t r a .  T h i s  i s  
n o t  t h e  c a s e  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  w h e r e  b o t h  d i s t r i b u t i o n s  a r e  c e n t r e d  
s l i g h t l y  b e l o w  z e r o .  T h e s e  s h i f t s  a r e  a t t r i b u t a b l e  t o  t h e  a b s o l u t e  e r r o r  i n  t h e  
C s l  c a l i b r a t i o n .  T h e  o f f s e t s  o f  2 0  M e V / c  a n d  5 0  M e V / c  f o r  t h e  ‘t a r g e t  o u t ’ a n d  
‘c a r b o n  t a r g e t ’ d a t a  r e s p e c t i v e l y  r e l a t e  t o  a b o u t  1 %  o f  t h e  m o m e n t u m  o f  t h e
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F i g u r e  5 .8 :  L o n g i t u d i n a l  a n d  t r a n s v e r s e  m o m e n t u m  d i s t r i b u t i o n s  f o r  14 B e .  D a t a  
t a k e n  w i t h  t h e  t a r g e t  o u t  a r e  s h o w n  o n  t h e  l e f t  a n d  c a r b o n  t a r g e t  d a t a  a r e  o n  
t h e  r i g h t .
p r o j e c t i l e .
T h e  m e a s u r e d  F W H M  f o r  t h e  l o n g i t u d i n a l  m o m e n t u m  d i s t r i b u t i o n s  w i t h  n o  
t a r g e t  i s  4 4  M e V / c  a n d  f o r  t h e  t r a n s v e r s e  m o m e n t u m  i t  i s  2 0 9  M e V / c .  B y  
c o m p a r i s o n ,  t h e  i n c i d e n t  14B e  ( w i t h  a n  e n e r g y  o f  3 5  M e V / A  a t  t h e  c e n t r e  o f  t h e  
t a r g e t )  h a s  a  m o m e n t u m  o f  3 6 0 8  M e V / c .  T h e  r e l a t i v e  p r e c i s i o n  o f  t h e  l o n g i t u d i n a l  
m o m e n t u m  m e a s u r e m e n t s  i s  t h e r e f o r e  1 . 2  %  A s s u m i n g  t h a t  t h i s  u n c e r t a i n t y  a r i s e s  
m a i n l y  f r o m  t h e  u n c e r t a i n t y  i n  t h e  m a g n i t u d e  o f  t h e  m e a s u r e d  m o m e n t u m ,  i . e .  
t h e  m e a s u r e d  e n e r g y  a f t e r  t h e  t a r g e t ,  t h i s  i m p l i e s  a n  e n e r g y  u n c e r t a i n t y  o f  2 .4  %  
w h i c h  i s  c o n s i s t e n t  w i t h  t h e  C s l  p e r f o r m a n c e .  F o r  t h e  t r a n s v e r s e  m e a s u r e m e n t ,  
t h e  a d d e d  b r o a d e n i n g  a r i s e s  f r o m  t h e  u n c e r t a i n t y  i n  t h e  d e f l e c t i o n  a n g l e ,  a n d  i s  
a g a i n  c o n s i s t e n t  w i t h  t h e  p o s i t i o n  r e s o l u t i o n s  g i v e n  e a r l i e r .
W i t h  t h e  c a r b o n  t a r g e t ,  t h e  r e s o l u t i o n  i n  t h e  t r a n s v e r s e  d i r e c t i o n  i s  h a r d l y  
a f f e c t e d ,  w i t h  a  F W H M  o f  2 0 9  M e V / c .  T h e  d i s t r i b u t i o n  i n  t h e  l o n g i t u d i n a l  
c o m p o n e n t  i s  b r o a d e n e d  b y  t h e  i n c l u s i o n  o f  t h e  c a r b o n  t a r g e t ,  h a v i n g  a  F W H M  
o f  5 4  M e V / c .  T h e s e  v a l u e s  g i v e  a  m e a s u r e  o f  t h e  i n t r i n s i c  r e s o l u t i o n s  e x p e c t e d  
f o r  t h e  12B e  m o m e n t u m  d i s t r i b u t i o n s  a n d  a  l o w e r  l i m i t  o n  t h e  r e s o l u t i o n  f o r  t h e
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F i g u r e  5 .9 :  F o r  t h e  i n c l u s i v e  d a t a  ( n o  n e u t r o n  r e q u i r e m e n t )  w i t h  t h e  c a r b o n  t a r ­
g e t ,  t h e  l o n g i t u d i n a l  ( l e f t )  a n d  t r a n s v e r s e  ( r i g h t )  m o m e n t u m  d i s t r i b u t i o n s  f o r  12B e  
a r e  s h o w n .  T h e  r a w  d a t a  a r e  s h o w n  b y  t h e  r e d  h i s t o g r a m ,  t h e  s c a l e d  b a c k g r o u n d  
b y  t h e  g r e e n  h i s t o g r a m  a n d  t h e  s u b t r a c t e d  d a t a  b y  t h e  p o i n t s  w i t h  e r r o r  b a r s .
r e c o n s t r u c t e d  13B e  m o m e n t u m  d i s t r i b u t i o n s ,  w h i c h  a l s o  r e l y  o n  t h e  t h e  n e u t r o n  
m e a s u r e m e n t .
F i g u r e  5 .9  s h o w s  t h e  m o m e n t u m  d i s t r i b u t i o n s  f o r  e v e n t s  i d e n t i f i e d  a s  i n c l u d i n g
a  12B e  a c c o r d i n g  t o  t h e  P I D  p a r a m e t e r .  T h e  b a c k g r o u n d  d u e  t o  r e a c t i o n s  i n
t h e  t e l e s c o p e  h a s  b e e n  s u b t r a c t e d ,  a s  s h o w n  i n  t h e  f i g u r e .  T h e  s p e c t r a  w e r e
p r o d u c e d  w i t h o u t  t h e  c r i t e r i o n  o f  a  n e u t r o n  d e t e c t e d  i n  c o i n c i d e n c e  a n d  t h e
b a c k g r o u n d  c o n s t i t u t e s  a  c o n s i d e r a b l e  f r a c t i o n  o f  t h e  d a t a .  B e f o r e  a c c o u n t i n g
f o r  t h e  r e s o l u t i o n ,  t h e  F W H M  v a l u e s  f o r  t h e s e  d i s t r i b u t i o n s  a r e  1 9 8  M e V / c  a n d
1 1 0  M e V / c  f o r  t h e  t r a n s v e r s e  a n d  l o n g i t u d i n a l  m o m e n t u m  r e s p e c t i v e l y .  T h e
m e a s u r e d  F W H M  o f  a n  o b s e r v a b l e  i s  a  c o m b i n a t i o n  o f  t h e  t r u e  w i d t h  a n d  t h e
e f f e c t  o f  t h e  r e s o l u t i o n .  I f  e a c h  o f  t h e s e  i s  c o n s i d e r e d  t o  b e  a  r a n d o m  v a r i a b l e ,  w i t h
tine Scjpare Vp
a n  a p p r o x i m a t e  G a u s s i a n  d i s t r i b u t i o n ,  t h e n ^ t h e  o b s e r v e d  w i d t h  w i l l  b e  g i v e n  b y  
t h e  s u m  o f  t h e  s q u a r e s  o f  t h e  t r u e  w i d t h  a n d  t h e  e x p e r i m e n t a l  r e s o l u t i o n .  H e n c e ,  
t h e  m e a s u r e d  r e s o l u t i o n s  c a n  b e  u n f o l d e d  f r o m  t h e  a b o v e  f i g u r e s  b y  s u b t r a c t i o n  
i n  q u a d r a t u r e .
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P a r a m e t e r T a r g e t  o u t  ( M e V / c ) C a r b o n  t a r g e t  ( M e V / c )
L o n g i t u d i n a l T r a n s v e r s e L o n g i t u d i n a l  T r a n s v e r s e
A p i 4 4 3 . 6 A 2 . 9 2 0 9 ± 9 5 3 . 5 A 2 . 3  2 0 9 ± 8
A p l 2 - - 1 1 0 ± 6  ( 9 6 ± 7 )  1 9 8 ± 6  ( < 7 3 )
T a b l e  5 .1 :  F W H M  v a l u e s  f o r  i n c l u s i v e  m o m e n t u m  d i s t r i b u t i o n s  a f t e r  b a c k g r o u n d  
s u b t r a c t i o n .  T h e  v a l u e  a f t e r  t h e  s u b t r a c t i o n  o f  t h e  r e s o l u t i o n  i n  q u a d r a t u r e  f o r  
t h e  l o n g i t u d i n a l  m o m e n t u m  o f  12B e  i s  s h o w n  i n  p a r e n t h e s e s .  S t a t i s t i c a l  e r r o r s  a r e  
s h o w n ,  b u t  t h e s e  m e a s u r e m e n t s  m a y  a l s o  b e  s u b j e c t  t o  s y s t e m a t i c  e r r o r s  a r i s i n g  
f r o m  t h e  s u b s t a n t i a l  b a c k g r o u n d  s u b t r a c t i o n  ( s e e  t e x t ) .
T h e  w i d t h s  ( A p A , w h e r e  A  i s  t h e  m a s s  o f  t h e  m e a s u r e d  i s o t o p e  o f  b e r y l l i u m ) ,  i n  
t e r m s  o f  F W H M ,  f o r  t h e  i n c l u s i v e  m o m e n t u m  d i s t r i b u t i o n s  a r e  c o l l e c t e d  i n  t a b l e  
5 . 1 .  T h e  v a l u e  a f t e r  s u b t r a c t i o n  i n  q u a d r a t u r e  f o r  t h e  l o n g i t u d i n a l  d i s t r i b u t i o n  f o r  
12B e  i s  s h o w n  b r a c k e t s .  A n  a b s o l u t e  m e a s u r e m e n t  o f  t h e  t r a n s v e r s e  m o m e n t u m  
f o r  12B e  c o u l d  n o t  b e  f o u n d  f r o m  s u b t r a c t i o n  i n  q u a d r a t u r e  a s  t h e  m e a s u r e m e n t  
i s  s m a l l e r  t h a n  t h e  r e s o l u t i o n .  T h i s  s i g n i f i e s  t h a t  t h e  i n t r i n s i c  m o m e n t u m  i s  s m a l l  
e n o u g h  t o  b e  c o m p l e t e l y  h i d d e n  b y  t h e  r e s o l u t i o n .  K n o w i n g  t h e  r e s o l u t i o n  o f  t h e  
m e a s u r e m e n t  a n d  t h e  u n c e r t a i n t i e s  i n  t h e  m e a s u r e m e n t  a n d  t h e  r e s o l u t i o n  i t  i s  
p o s s i b l e  t o  e s t i m a t e  a n  u p p e r  l i m i t  f o r  t h e  w i d t h  a s  f o l lo w s :
L e t  x  =  m e a s u r e d  w i d t h ,  y  =  r e s o l u t i o n ,  z  =  i n t r i n s i c  w i d t h ,  £  =  z 2 a n d  c r x ( y )  
b e  t h e  e r r o r  i n  t h e  m e a s u r e m e n t  o f  x ( y ) ,  h e n c e :
a f  =  \ J  ( 2  x g x ) 2 +  ( 2  y a y f
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hence :
£  =  x 2 -  y 2 ±  y y 2 x a x ) 2 +  ( 2 y c y ) 2
a t  t h e  2 a  l e v e l  o f  c o n f i d e n c e  :
f  <  x 2 — y 2 +  2 \ j  ( 2 x a x ) 2 +  ( 2 y c r y ) 2
( 5 .1 )
I f  w e  i n t e r p r e t  a  2<r c o n f i d e n c e  i n t e r v a l  a s  g i v i n g  a n  u p p e r  l i m i t  i n  z ,  t h e n :
5 .3 .2  E x c lu s iv e  d a t a  fo r  10B e ,  12B e ,  13B e  a n d  n e u t r o n s
T h e  c r i t e r i o n  t h a t  a  n e u t r o n  i s  d e t e c t e d  i n  c o i n c i d e n c e  p r o v i d e s  a n  i m p r o v e d  
c h a n n e l  s e l e c t i o n  f o r  t h e  12B e  c o r e .  T h i s  s u b s e t  o f  t h e  d a t a  a l s o  a l l o w s  f o r  m e a ­
s u r e m e n t  o f  t h e  n e u t r o n  m o m e n t u m  a n d  t h a t  o f  t h e  r e c o n s t r u c t e d  13B e  p a r t i c l e  
i n  a d d i t i o n  t o  t h a t  o f  t h e  1 2 B e .  I n  t h e  p r e s e n t  w o r k ,  t h e  m a g n i t u d e  o f  t h e  n e u ­
t r o n  m o m e n t u m  i s  c a l c u l a t e d  f r o m  t h e  m e a s u r e d  e n e r g y  ( f r o m  t h e  t i m e  o f  f l i g h t )  
w h i l s t  t h e  t r a n s v e r s e  a n d  l o n g i t u d i n a l  c o m p o n e n t s  a r e  d e r i v e d  f r o m  t h e  p o s i t i o n  
o f  t h e  r e l e v a n t  n e u t r o n  d e t e c t o r  a n d  t h e  a n g l e  o f  i n c i d e n c e  o f  t h e  p r o j e c t i l e  a t  t h e  
t a r g e t .  T h i s  i s  t r a n s f o r m e d  i n t o  t h e  r e s t  f r a m e  o f  t h e  14B e  p r o j e c t i l e .  A  p r e v i o u s  
m e a s u r e m e n t  o f  t h e  t r a n s v e r s e  n e u t r o n  m o m e n t u m  f r o m  t h e  a n g u l a r  d i s t r i b u ­
t i o n s  h a s  a l r e a d y  b e e n  m a d e  f r o m  t h i s  d a t a  s e t  [ L a b 9 9 a ] ,  b u t  u s i n g  a  d i f f e r e n t  
a p p r o a c h ,  a n d  a  c o m p a r i s o n  b e t w e e n  t h e  r e s u l t s  o f  t h e s e  t w o  m e t h o d s  o f  a n a l y s i s  
i s  p r e s e n t e d  b e l o w .
F i g u r e  5 .1 0  s h o w s  t h e  l o n g i t u d i n a l  m o m e n t u m  d i s t r i b u t i o n s  f o r  t h e  12B e  c o r e ,  
t h e  n e u t r o n  a n d  t h e  r e c o n s t r u c t e d  1 3 B e .  T h e  12B e  d i s t r i b u t i o n  a p p e a r s  t o  b e  
s l i g h t l y  o v e r  s u b t r a c t e d  t o  t h e  r i g h t  o f  t h e  p e a k .  T h i s  i s  a  r e s u l t  o f  t h e  p r o b l e m s  
i n t r o d u c e d  i n  c o r r e c t i n g  f o r  t h e  e n e r g y  l o s s  t h r o u g h  t h e  t a r g e t .  E v e n  w i t h  t h e  
b e a m  e n e r g y  b e i n g  a d j u s t e d  t o  c o m p e n s a t e  f o r  t h i s  e n e r g y  l o s s  a n d  s i g n i f i c a n t  
o f f - l i n e  c o r r e c t i o n ,  t h e r e  i s  s t i l l  a  s l i g h t  r e s i d u e  i n  t h e  f i n a l  s p e c t r u m .  A s  w a s
( 5 .2 )
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F i g u r e  5 .1 0 :  L o n g i t u d i n a l  m o m e n t u m ( p ^ )  d i s t r i b u t i o n s  f o r  ( a )  1 2 B e ,  n e u t r o n  ( b )  
a n d  13  B e  ( c )  f o r  c a r b o n  t a r g e t  d a t a .  T h e  r a w  d a t a  a r e  s h o w n  b y  t h e  r e d  h i s t o g r a m  
a n d  t h e  s c a l e d  b a c k g r o u n d  b y  t h e  g r e e n  h i s t o g r a m .  N o t e ,  t h e  x - a x i s  f o r  g r a p h  
( b )  i s  e x p a n d e d  b y  a  f a c t o r  o f  2 .
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s e e n  b e f o r e  f o r  t h e  i n c l u s i v e  m o m e n t u m  d i s t r i b u t i o n s ,  t h e r e  i s  a  s h i f t  f r o m  z e r o  
o f  a b o u t  5 0  M e V / c  f o r  t h e  h e a v y  i o n s .  T h i s  s h i f t  is  n o t  s e e n  f o r  t h e  n e u t r o n  
d i s t r i b u t i o n ,  w h i c h  s u p p o r t s  t h e  i n t e r p r e t a t i o n  t h a t  i t  i s  d u e  t o  a  s m a l l  a b s o l u t e  
e r r o r  i n  t h e  C s l  c a l i b r a t i o n .
T h e  d i s t r i b u t i o n  f o r  12B e  w i t h  a  n e u t r o n  i n  c o i n c i d e n c e  i s  n a r r o w e r  t h a n  t h a t  
m e a s u r e d  w i t h o u t  t h e  n e u t r o n  r e q u i r e m e n t ,  h o w e v e r ,  t h e  n e u t r o n  d i s t r i b u t i o n  i s  
s i g n i f i c a n t l y  n a r r o w e r  s t i l l .  I f  t h e  n e u t r o n  a n d  t h e  c o r e  m o m e n t a  s i m p l y  r e f l e c t e d  
t h e  i n t r i n s i c  m o m e n t a  i n s i d e  t h e  r e s o n a n t  p a r t i c l e  t h e n  t h e s e  t w o  d i s t r i b u t i o n s  
w o u l d  b e  t h e  s a m e .  T h e  13B e  m o m e n t u m  d i s t r i b u t i o n s  a r e  e x p e c t e d  t o  r e f l e c t  
t h e  i n t r i n s i c  m o m e n t u m  o f  t h e  h a l o  n e u t r o n  w h i c h  w a s  s t r i p p e d  f r o m  1 4 B e .  T h e  
s p e c t r u m  s h o w s  s o m e  e v i d e n c e  f o r  t w o  c o m p o n e n t s  s u p e r i m p o s e d ,  o n e  o f  w h i c h  
i s  n a r r o w .
T h e  t r a n s v e r s e  m o m e n t u m  d i s t r i b u t i o n s  f o r  t h e  12B e  c o r e ,  n e u t r o n  a n d  13B e  
a r e  s h o w n  i n  f i g u r e  5 .1 1 .  A s  w a s  s e e n  e a r l i e r  f o r  t h e  i n c l u s i v e  d a t a ,  t h e  t r a n s ­
v e r s e  m o m e n t u m  d i s t r i b u t i o n  f o r  t h e  c o r e  i s  c o m p r o m i s e d  b y  t h e  p o o r  p o s i t i o n  
r e s o l u t i o n  f o r  t h e  h e a v y  i o n .  T h e  n e u t r o n  m o m e n t u m  d i s t r i b u t i o n  i s  n o t  a s  b a d l y  
a f f e c t e d  a n d  a g a i n ,  t h e  w i d t h  i s  m u c h  s m a l l e r  t h a n  t h a t  m e a s u r e d  f o r  e i t h e r  12B e  
o r  1 3 B e .  A l l  o f  t h e s e  d i s t r i b u t i o n s  a r e  c e n t r e d  a t  z e r o .
T h e  12B e  a n d  13B e  t r a n s v e r s e  m o m e n t u m  d i s t r i b u t i o n s  a r e  v e r y  s i m i l a r  i n  
s h a p e  a n d  a r e  o f  a p p r o x i m a t e l y  t h e  s a m e  w i d t h .  I t  i s  n o t a b l e  t h a t  t h e  i n c l u s i v e  
12B e  a n d  e v e n  t h e  14B e  t r a n s v e r s e  m o m e n t u m  d i s t r i b u t i o n s  a r e  o f  r o u g h l y  t h e  
s a m e  s h a p e  a n d  w i d t h  w h i c h  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e y  a r e  l i m i t e d  b y  t h e  
e x p e r i m e n t a l  r e s o l u t i o n s .  O n l y  a  l i m i t e d  a m o u n t  o f  i n f o r m a t i o n  c a n  b e  o b t a i n e d  
f r o m  t h e s e  t r a n s v e r s e  m o m e n t u m  d i s t r i b u t i o n s  f o r  t h e  h e a v y  i o n s .
T h e  b a c k g r o u n d  s u b t r a c t i o n  f o r  t h e  l e a d  t a r g e t  d a t a  i s  c o n s i d e r a b l e ,  a s  w a s  
d e m o n s t r a t e d  a t  t h e  b e g i n n i n g  o f  t h i s  c h a p t e r  ( s e e  f i g u r e  5 . 1 ) .  T h e  g e n e r a l  f e a ­
t u r e s  o f  t h e  l o n g i t u d i n a l  m o m e n t u m  d i s t r i b u t i o n s  f o r  t h e  l e a d  t a r g e t  ( f i g u r e  5 .1 2 )  
a r e  s i m i l a r  t o  t h o s e  s e e n  f o r  t h e  c a r b o n  t a r g e t  ( f i g u r e  5 . 1 0 ) ,  b u t ,  t h e  e r r o r  b a r s  a r e  
n o t i c e a b l y  l a r g e r ,  w h i c h  i s  d u e  t o  t h e  l a r g e  b a c k g r o u n d  s u b t r a c t i o n .  A g a i n ,  t h e
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py (MeV/c)
F i g u r e  5 .1 1 :  T r a n s v e r s e  m o m e n t u m  ( p ^ )  d i s t r i b u t i o n s  f o r  ( a )  1 2 B e ,  ( b )  n e u t r o n  
a n d  ( c )  13 B e  f o r  c a r b o n  t a r g e t  d a t a .  T h e  r a w  d a t a  a r e  s h o w n  b y  t h e  r e d  h i s t o g r a m  
a n d  t h e  s c a l e d  b a c k g r o u n d  b y  t h e  g r e e n  h i s t o g r a m .
n e u t r o n  m o m e n t u m  d i s p l a y s  t h e  s m a l l e s t  w i d t h ,  t h e  12B e  d i s t r i b u t i o n  i s  s l i g h t l y  
o v e r  s u b t r a c t e d  a n d  t h e  13B e  m a y  s h o w  a  b r o a d  a n d  a  n a r r o w  c o m p o n e n t .  D u e  t o  
t h e  b e t t e r  r e l a t i v e  e r r o r s ,  t h e  c a r b o n  t a r g e t  d a t a  f o r  t h e  l o n g i t u d i n a l  m o m e n t u m  
o f  13B e  w i l l  b e  u s e d  t o  c o m p a r e  w i t h  t h e o r e t i c a l  c a l c u l a t i o n s  i n  s e c t i o n  5 . 3 .4 .  A n  
a d d i t i o n a l  b e n e f i t  o f  t h e  c a r b o n  d a t a  i s  t h a t  t h e  r e a c t i o n  m e c h a n i s m  w i l l  b e  d o m ­
i n a t e d  b y  t h e  n u c l e a r  i n t e r a c t i o n ,  w h e r e a s  t h e  l e a d  t a r g e t  d a t a  h a v e  a  s i g n i f i c a n t  
C o u l o m b  c o n t r i b u t i o n .
T h e  h e a v y  i o n  m o m e n t u m  d i s t r i b u t i o n s  i n  t h e  t r a n s v e r s e  d i r e c t i o n  w i t h  t h e
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pz (MeV/c)
F i g u r e  5 .1 2 :  L o n g i t u d i n a l  m o m e n t u m  ( p z ) d i s t r i b u t i o n s  f o r  ( a )  1 2 B e ,  ( b )  n e u t r o n  
a n d  ( c )  13B e  f o r  l e a d  t a r g e t  d a t a .  T h e  r a w  d a t a  a r e  s h o w n  b y  t h e  r e d  h i s t o g r a m  
a n d  t h e  s c a l e d  b a c k g r o u n d  b y  t h e  g r e e n  h i s t o g r a m .
l e a d  t a r g e t  h a v e  a  d o u b l e  p e a k e d  s t r u c t u r e  ( f i g u r e  5 .1 3  p a n e l  ( a )  a n d  ( c ) )  a n d  
a r e  s p r e a d  o v e r  a  d r a m a t i c a l l y  w i d e r  r a n g e  o f  m o m e n t a ,  w h i c h  i s  a  t a r g e t  e f f e c t ,  
a s  d i s c u s s e d  b e l o w .  T h e  t w i n - p e a k e d  s h a p e  o n l y  a p p e a r s  a f t e r  s u b t r a c t i o n  o f  t h e  
b a c k g r o u n d .  T h e  i n d i v i d u a l  s p e c t r a  f o r  t h e  r a w  d a t a  a n d  f o r  t h e  b a c k g r o u n d  s h o w  
a  s i n g l e  p e a k ,  c e n t r e d  a t  z e r o .  A s  e x p e c t e d ,  t h e  b a c k g r o u n d  i s  a  n a r r o w e r  p e a k  
t h a n  t h e  r a w  d a t a ,  b u t  a f t e r  s c a l i n g  t h e  t w o  s p e c t r a  a r e  o f  t h e  s a m e  m a g n i t u d e  a t  
z e r o  m o m e n t u m .  T h i s  r e s u l t s  i n  a  c o m p l e t e  c a n c e l l a t i o n  i n  t h e  s u b t r a c t i o n .  T h e  
b r o a d e r  d i s t r i b u t i o n  f o r  t h e  l e a d  t a r g e t  d a t a  w i l l  b e  d u e  t o  t h e  12B e  i o n s  w h i c h
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py (MeV/c)
F i g u r e  5 .1 3 :  T r a n s v e r s e  m o m e n t u m  ( p y ) d i s t r i b u t i o n s  f o r  ( a )  1 2 B e ,  ( b )  n e u t r o n  
a n d  ( c )  13B e  f o r  l e a d  t a r g e t  d a t a .  T h e  r a w  d a t a  a r e  s h o w n  b y  t h e  r e d  h i s t o g r a m  
a n d  t h e  s c a l e d  b a c k g r o u n d  b y  t h e  g r e e n  h i s t o g r a m .
e x i t  t h e  r e a c t i o n  b e i n g  s c a t t e r e d  a w a y  f r o m  0 ° , p r o d u c i n g  n o n - z e r o  t r a n s v e r s e  
m o m e n t a .  T h i s  c a n  h a p p e n  v i a  m u l t i p l e  s c a t t e r i n g  p r o c e s s e s  i n  t h e  t a r g e t ,  i . e .  t h e  
a c c u m u l a t e d  s c a t t e r i n g  f r o m  m a n y  s m a l l - a n g l e  C o u l o m b  d e f l e c t i o n s .  T h i s  i s  m o r e  
o b v i o u s  i n  i n  a  h i g h  Z  t a r g e t  t h a n  t h e  c a r b o n  t a r g e t  a s  t h e  C o u l o m b  i n t e r a c t i o n  
g i v e s  a n  r m s  s c a t t e r i n g  a n g l e  t h a t  i s  p r o p o r t i o n a l  t o  Z 2 . T h e  w i d t h s  o f  t h e s e  
d i s t r i b u t i o n s  n o  l o n g e r  g i v e  i n f o r m a t i o n  r e g a r d i n g  j u s t  t h e  i n t r i n s i c  s t r u c t u r e  o f  
t h e  n u c l e u s .
A g a i n ,  a s  f o r  t h e  i n c l u s i v e  m e a s u r e m e n t s  a n d  t h o s e  w i t h  t h e  c a r b o n  t a r g e t ,  a n
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o f f s e t  f r o m  z e r o  i n  t h e  l o n g i t u d i n a l  m o m e n t u m  d i s t r i b u t i o n s  i s  a p p a r e n t .  T h e r e  is  
n o  s u c h  o f f s e t  i n  t h e  t r a n s v e r s e  d i r e c t i o n .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  b a c k g r o u n d  
s u b t r a c t i o n s  f o r  t h e  e x c l u s i v e  d a t a  f o r  t h e  l e a d  a n d  c a r b o n  d a t a  a r e  q u i t e  d i f f e r e n t  
i n  d e t a i l  f r o m  e a c h  o t h e r  a n d  f r o m  t h o s e  f o r  t h o s e  f o r  t h e  i n c l u s i v e  d a t a .  H o w e v e r ,  
t h e  c e n t r o i d  s h i f t s  a r e  c o n s i s t e n t ,  s u p p o r t i n g  t h e  i n t e r p r e t a t i o n  t h a t  t h e y  a r e  d u e  
t o  t h e  C s l  c a l i b r a t i o n .
T h e  n e u t r o n s  a r e  u n a f f e c t e d  b y  m u l t i p l e  s c a t t e r i n g ,  a s  t h e y  a r e  u n c h a r g e d .  
O f  c o u r s e ,  t h e  p a r e n t  p r o j e c t i l e  i s  s t i l l  s u b j e c t  t o  s u c h  s c a t t e r i n g .  H o w e v e r ,  t h e  
n e u t r o n  h a s  a  v e l o c i t y  t h a t  i s  a n  o r d e r  o f  m a g n i t u d e  l a r g e r  t h a n  t h e  h e a v y  i o n ,  
f o r  a  g i v e n  m o m e n t u m .  T h u s ,  i n  t r a n s v e r s e  v e l o c i t y  a f t e r  t h e  r e a c t i o n  i s  m u c h  
l a r g e r  a n d  i t  d i s p l a y s  a  m u c h  b r o a d e r  a n g u l a r  d i s t r i b u t i o n  s o  t h a t  t h e  m u l t i p l e  
s c a t t e r i n g  e f f e c t s  a r e  n o t  a  s i g n i f i c a n t  c o m p o n e n t .  A s  w a s  s e e n  p r e v i o u s l y  f o r  t h e  
c a r b o n  t a r g e t ,  t h e  t r a n s v e r s e  n e u t r o n  m o m e n t u m  d i s t r i b u t i o n  f o r  t h e  l e a d  t a r g e t  
i s  n a r r o w .
F o r  10B e  i n  t h e  t e l e s c o p e ,  g a t e d  a c c b r d i n g  t o  t h e  P I D ,  a  m a r k e d  r e d u c t i o n  i n  
s t a t i s t i c s  i s  p r o d u c e d  c o m p a r e d  w i t h  s e l e c t i n g  a 12B e  i n  c o i n c i d e n c e .  T h e  r e s u l t i n g  
m o m e n t u m  d i s t r i b u t i o n s  f o r  t h e  10B e  h e a v y  i o n  f o l l o w i n g  r e a c t i o n s  o n  t h e  c a r b o n  
t a r g e t  ( f i g u r e  5 .1 4 )  a r e  t h e r e f o r e  s u b j e c t  t o  a  c o n s i d e r a b l e  b a c k g r o u n d  s u b t r a c t i o n  
a n d  l a r g e  s t a t i s t i c a l  e r r o r s  m o r e  l i k e  t h o s e  e n c o u n t e r e d  a b o v e  w i t h  t h e  l e a d  t a r g e t  
d a t a .  A f t e r  b a c k g r o u n d  s u b t r a c t i o n ,  t h e  n u m b e r  o f  c o u n t s  r e m a i n i n g  c lo s e  t o  
z e r o  m o m e n t u m  i n  t h e  t r a n s v e r s e  m o m e n t u m  d i s t r i b u t i o n  h a s  p o o r  s t a t i s t i c a l  
a c c u r a c y .
F o r  t h e  l o n g i t u d i n a l  m o m e n t u m ,  w h i c h  r e f l e c t s  m a i n l y  t h e  e n e r g y  m e a s u r e d  
i n  t h e  t e l e s c o p e ,  t h e  b a c k g r o u n d  i s  r e s t r i c t e d  t o  t h e  r e g i o n  o f  t h e  E A E  s p e c t r u m  
w h e r e  t h e  b a c k g r o u n d  r e a c t i o n s  i n  t h e  C s l  d e t e c t o r  o c c u r .  T h e s e  e v e n t s  a p p e a r  i n  
t h i s  s p e c t r u m  a s  a  h o r i z o n t a l  b a n d  ( s e e  f i g u r e  4 . 3 ) .  T h e  t r a i l  o f  e v e n t s  a b o v e ,  a n d  
t o  s o m e  e x t e n t  b e l o w ,  t h i s  b a n d  a r e  f r o m  t r u e  10B e  i o n s .  S i n c e  t h e  e v e n t s  a b o v e  
t h e  b a n d  d o m i n a t e ,  t h e  g e n u i n e  e v e n t s  i n  t h e  l o n g i t u d i n a l  d i s t r i b u t i o n  m u s t  h a v e  
a  m o m e n t u m  o n  t h e  l o w  s i d e ,  w h i c h  r e l a t e s  t o  h i g h e r  e n e r g y  l o s s  i n  t h e  s i l i c o n
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F i g u r e  5 .1 4 :  L o n g i t u d i n a l  ( t o p )  a n d  t r a n s v e r s e  ( b o t t o m )  m o m e n t u m  d i s t r i b u t i o n  
f o r  1 0 B e ’s  i n  c o i n c i d e n c e  w i t h  n e u t r o n s  ( l e f t )  a n d  f o r  n e u t r o n s  i n  c o i n c i d e n c e  w i t h  
10B e  i o n s  ( r i g h t ) .  T h e  r a w  d a t a  a r e  s h o w n  b y  t h e  r e d  h i s t o g r a m  a n d  t h e  s c a l e d  
b a c k g r o u n d  b y  t h e  g r e e n  h i s t o g r a m .
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d e t e c t o r .  T h e  d i s t r i b u t i o n  a f t e r  f u l l  b a c k g r o u n d  s u b t r a c t i o n  ( f i g u r e  5 . 1 4 ( a ) )  i s  
q u i t e  s h i f t e d  a n d  s h o w s  e v i d e n c e  f o r  a n  e x t e n d e d  lo w  e n e r g y  t a i l .
I n  s u m m a r y ,  a l l  o f  t h e  l o n g i t u d i n a l  s p e c t r a  f o r  h e a v y  i o n s  s h o w  a  s l i g h t  s h i f t  
f r o m  z e r o .  W h i l s t  t h e r e  m a y  p o s s i b l y  b e  s o m e  g e n u i n e  e f f e c t  d u e  t o  l o s s  o f  m o ­
m e n t u m  i n  t h e  r e a c t i o n ,  t h e  e x p e r i m e n t a l  u n c e r t a i n t i e s  a r e  a l s o  s i g n i f i c a n t  i n  t h i s  
c o n t e x t .  A t  t h e  v e r y  h i g h  e n e r g i e s  u s e d  i n  t h e  w o r k  a t  B e r k e l e y ,  M S U  a n d  G S I ,  
i t  i s  o b s e r v e d  t h a t  t h e r e  i s  n o  l o s s  o f  m o m e n t u m  i n  t h e  r e a c t i o n .  T h e  e x p e r i m e n t  
p r e s e n t e d  h e r e  w a s  p e r f o r m e d  a t  a l m o s t  a n  o r d e r  o f  m a g n i t u d e  l o w e r  e n e r g y  a n d  
t h e  p o s s i b i l i t y  e x i s t s  o f  a  m o r e  c o m p l i c a t e d  r e a c t i o n  m e c h a n i s m  i n v o l v i n g  t r a n s f e r  
o f  m o m e n t u m .  H o w e v e r ,  t h e  n e u t r o n  l o n g i t u d i n a l  m o m e n t a  a r e  c e n t r e d  a t  z e r o ,  
w h i c h  a r g u e s  s t r o n g i y  t h a t  t h e  o f f s e t s  i n  t h e  h e a v y  i o n  m o m e n t a  a r e  c o r r e c t l y  
e x p l a i n e d  b y  t h e  e x p e r i m e n t a l  u n c e r t a i n t i e s  i n  t h e  a b s o l u t e  e n e r g y  c a l i b r a t i o n .
5 .3 .3  C o m p a r is o n  w i t h  p r e v io u s  r e s u l t s
T h e  m e a s u r e d  f u l l  w i d t h s  a t  h a l f  m a x i m u m  f o r  e a c h  o f  t h e  m o m e n t u m  d i s t r i b u ­
t i o n s  s h o w n  a b o v e  a r e  c o l l e c t e d  i n  t a b l e  5 .2 .  T h e s e  v a l u e s  r e f e r  t o  t h e  s p e c t r u m  
w i t h  f u l l  b a c k g r o u n d  s u b t r a c t i o n ,  b u t  d o  n o t  t a k e  i n t o  a c c o u n t  t h e  r e s o l u t i o n  
c o n t r i b u t i o n  t h a t  w a s  q u a n t i f i e d  e a r l i e r  ( u s i n g  t h e  m e a s u r e d  14B e  d i s t r i b u t i o n s ) .  
R a t h e r  t h a n  b i a s  t h e  r e s u l t s  b y  f i t t i n g  a n  a r b i t r a r y  f u n c t i o n a l  f o r m ,  t h e  w i d t h s  
a r e  e s t i m a t e d  b y  i n s p e c t i o n .  T h e  e r r o r s ,  a  a r e  a s s i g n e d  t o  t h e s e  e s t i m a t e s  s u c h  
t h a t  a  ± 2 c r  r a n g e  c e n t r e d  o n  t h e  m e a n  r e p r e s e n t s  a  9 5 %  c o n f i d e n c e  i n t e r v a l ,  i . e .  
t h e  e r r o r  v a l u e s  a r e  i n t e n d e d  t o  r e p r e s e n t  s t a n d a r d  d e v i a t i o n s .  T h e  t a b l e  r e f e r s  
t o  t h e  w i d t h s  o f  t h e  m o m e n t u m  d i s t r i b u t i o n s  f o r  t h e  h e a v y  i o n s  1 3 B e ,  12B e  a n d  
1 0 B e ,  d e n o t e d  A p i 3 , A p i 2  a n d  A p x o  a c c o r d i n g l y .  T h e  F W H M  f o r  14B e  w i t h o u t  
t h e  n e u t r o n  r e q u i r e m e n t  ( A p i 4 ) i s  s h o w n  h e r e  f o r  c o m p a r i s o n .
T h e  t r a n s v e r s e  m o m e n t u m  d i s t r i b u t i o n s  a r e  c o m p a r a b l e  i n  w i d t h  t o  t h e  m e a ­
s u r e d  r e s o l u t i o n  i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n  t o  t h e  b e a m .  T h e  r e s o l u t i o n  i n  
s o m e  c a s e s  e x c e e d s  t h e  m e a s u r e d  w i d t h s  m e a n i n g  t h a t  s u b t r a c t i o n  i n  q u a d r a t u r e  
c a n  o n l y  p r o v i d e  a  u p p e r  l i m i t  f o r  t h e  i n t r i n s i c  w i d t h s  a s  d i s c u s s e d  e a r l i e r  i n
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s e c t i o n  5 .3 .1 .
T h e  e f f e c t  o f  t h e  r e s o l u t i o n s  o f  t h e  h e a v y  i o n  d e t e c t o r s  c a n  b e  u n f o l d e d  f r o m  
t h e  w i d t h s  o f  t h e  h e a v y  i o n  m o m e n t u m  d i s t r i b u t i o n s  u s i n g  s u b t r a c t i o n  i n  q u a d r a ­
t u r e  o f  t h e  m e a s u r e d  r e s o l u t i o n s  a s  d i s c u s s e d  i n  s e c t i o n  5 . 1 .  T h e  r e s u l t s  a r e  
c o l l e c t e d  i n  t a b l e  5 .3  a n d  a r e  c o m p a r e d  w i t h  p r e v i o u s  m e a s u r e m e n t s .  T h e  13B e  
l o n g i t u d i n a l  m o m e n t u m  d i s t r i b u t i o n  a p p e a r s  t o  h a v e  a  b r o a d e r  a n d  a  n a r r o w e r  
c o m p o n e n t .  T h i s  h a s  n o t  b e e n  t a k e n  i n t o  a c c o u n t  i n  t h e  e s t i m a t i o n  o f  t h e  F W H M .  
T h e  n a r r o w  m o m e n t u m  d i s t r i b u t i o n ,  i n d i c a t i n g  a  w i d e  m a t t e r  d i s t r i b u t i o n  f o r  t h e  
n e u t r o n  r e m o v e d  f r o m  1 4 B e ,  i s  a  s i g n a t u r e  o f  a  h a l o  n u c l e u s .
P a r a m e t e r ® ) C a r b o n  t a r g e t  ( M e V / c ) L e a d  t a r g e t  ( M e V / c )
L o n g i t u d i n a l T r a n s v e r s e 6) L o n g i t u d i n a l T r a n s v e r s e 6)
A p u c) 5 3 . 5 ± 2 . 3 2 0 9 ± 8
A p i 3 1 2 2 ± 5 2 0 5 ± 4 1 8 1 ± 6 3 8 0 ± 4 7 c!)
A p i 2 9 9 ± 6 2 0 3 ± 2 3 9 3 ± 1 7 4 6 5 ± 2 5 d)
A p i o 2 7 5 ± 4 5 3 0 0 ± 8 0
a )  f o r  d e f i n i t i o n ,  s e e  t e x t .
b )  c o m p o n e n t  i n  t h e  y - d i r e c t i o n .
c )  I n c l u s i v e  d a t a .
d )  r e p r e s e n t s  e x t e n t  o f  d i s t o r t e d  d i s t r i b u t i o n .
T a b l e  5 .2 :  V a l u e s  o f  F W H M  e s t i m a t e d  f o r  e x c l u s i v e  m o m e n t u m  d i s t r i b u t i o n s  
( e x c e p t  1 4 B e )  a f t e r  b a c k g r o u n d  s u b t r a c t i o n ,  b u t  w i t h o u t  s u b t r a c t i o n  o f  r e s o l u t i o n  
c o n t r i b u t i o n .
T h e  r e s o l u t i o n  i n  t h e  t r a n s v e r s e  d i r e c t i o n  a l l o w s  o n l y  a n  u p p e r  l i m i t  o f  t h e  13B e  
m o m e n t u m  f o r  t h e  c a r b o n  t a r g e t .  T h e  c o r r e s p o n d i n g  l e a d  t a r g e t  v a l u e  a n d  t h e  
12B e  v a l u e  a l s o  a r e  n o t  t r u e  F W H M  m e a s u r e m e n t s  a s  i s  a p p a r e n t  f r o m  t h e  s h a p e  
o f  f i g u r e s  5 .1 3  ( a )  a n d ( c ) ,  d i s c u s s e d  a b o v e .
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T h e  v e r y  p o o r  s t a t i s t i c s  f o r  m e a s u r i n g  a  10B e  i n  c o i n c i d e n c e  w i t h  a  n e u t r o n  
r e s u l t e d  i n  p o o r l y  d e f i n e d  s p e c t r a  f o r  t h e  m o m e n t u m  o f  t h e  h e a v y  i o n ,  a l t h o u g h  
t h e  d i s t r i b u t i o n s  f o r  t h e  n e u t r o n  a r e  c l e a r e r .  T h e  i n t r i n s i c  w i d t h s  o f  t h e s e  d i s ­
t r i b u t i o n s  h a v e  l a r g e  a s s o c i a t e d  e r r o r s  a n d  t h e  w i d t h  o f  t h e  l o n g i t u d i n a l  m o m e n ­
t u m  i s  l a r g e r  t h a n  t h e  v a l u e  e x t r a c t e d  b y  Z a h a r .  I t  i s  n e v e r t h e l e s s  i n  s t a t i s t i c a l  
a g r e e m e n t  a t  t h e  2 a  l e v e l .  T h e  t r a n s v e r s e  d i s t r i b u t i o n  i s  c o n s i s t e n t  w i t h  t h e  
m e a s u r e m e n t  o f  t h e  l o n g i t u d i n a l  w i d t h  b y  Z a h a r  w i t h i n  t h e  l i m i t a t i o n s  o f  t h e  
p o o r  s t a t i s t i c a l  a c c u r a c y .
A f t e r  s u b t r a c t i o n  i n  q u a d r a t u r e ,  t h e  w i d t h  o f  t h e  12B e  l o n g i t u d i n a l  m o m e n t u m  
d i s t r i b u t i o n  f o r  t h e  c a r b o n  t a r g e t  i s  i n  a g r e e m e n t  w i t h  t h e  m e a s u r e m e n t  o f  Z a h a r ,  
w i t h i n  e x p e r i m e n t a l  e r r o r s .  T h e  l e a d  t a r g e t  v a l u e  i s  l o w e r  t h a n  t h a t  m e a s u r e d  
b y  Z a h a r  f o r  a  c a r b o n  t a r g e t ,  b u t  s t i l l  w i t h i n  t h e  l c r  l i m i t .
T h e  w i d t h s  o f  t h e  n e u t r o n  m o m e n t u m  d i s t r i b u t i o n s  ( A p n ) a r e  a l s o  c o l l e c t e d  
i n  t a b l e  5 .3  w i t h  t h e  c o i n c i d e n c e  r e q u i r e m e n t  s h o w n  i n  p a r e n t h e s e s .  T h e  p e r p e n ­
d i c u l a r  m o m e n t u m  f o r  n e u t r o n s  i n  c o i n c i d e n c e  w i t h  a  12B e  i o n  h a s  b e e n  e x t r a c t e d  
p r e v i o u s l y  f r o m  t h e s e  d a t a  b y  c o n v e r t i n g  t h e  m e a s u r e d  n e u t r o n  a n g u l a r  d i s t r i b u ­
t i o n s  i n t o  m o m e n t a  [ L a b 9 9 a ] .  T h e  p r e v i o u s  m e t h o d  o f  a n a l y s i s  w a s  f u n d a m e n t a l l y  
d i f f e r e n t  i n  t w o  w a y s .  F i r s t l y ,  t h e  m a g n i t u d e  o f  t h e  n e u t r o n  m o m e n t u m  w a s  a s ­
s u m e d  t o  b e  e q u a l  t o  i t s  i n i t i a l  m o m e n t u m  d u e  t o  t h e  m o t i o n  o f  t h e  p r o j e c t i l e .  
I n  t h e  p r e s e n t  w o r k ,  t h e  m e a s u r e d  n e u t r o n  v e l o c i t y  w a s  u s e d  f o r  e a c h  e v e n t .  S e c ­
o n d l y ,  t h e  a n g l e  o f  i n c i d e n c e  o f  t h e  p r o j e c t i l e  w a s  i g n o r e d  a n d  t h e  m e a n  a n g l e  o f  
e a c h  n e u t r o n  d e t e c t o r  w a s  u s e d .  T h e  d e t e c t o r s  w e r e  c o l l e c t e d  i n t o  g r o u p s  a t  t h e  
s a m e  a n g l e ,  a n d  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  t h a t  a n g l e  w a s  c a l c u l a t e d .  I n  t h e  
p r e s e n t  w o r k ,  t h e  p r o j e c t i l e ’s  a n g l e  o f  i n c i d e n c e  w a s  e x p l i c i t l y  i n c l u d e d  e v e n t - b y -  
e v e n t .  T h e  r e s u l t s  f r o m  t h e  p r e v i o u s  a n a l y s i s  a r e  p r e s e n t e d  h e r e  a s  a  c o m p a r i s o n  
w i t h  t h e  c u r r e n t  w o r k .  T h e  r e s u l t s  f r o m  t h e  t w o  a n a l y s e s  a r e  i n  a g r e e m e n t  w i t h i n  
t h e  s t a t e d  e r r o r s .  T h e  e r r o r s  a s s o c i a t e d  w i t h  t h e  w i d t h s  d e d u c e d  f r o m  t h e  p r e s e n t  
w o r k  a r e  l a r g e r  f o r  t h e  t r a n s v e r s e  n e u t r o n  m o m e n t a ,  b u t  t h o s e  i n  t h e  l o n g i t u d i n a l  
d i r e c t i o n  a r e  s i m i l a r  t o  t h o s e  o f  t h e  L a b i c h e  a n a l y s i s .
CHAPTER 5. RESULTS 162
P a r a m e t e r ® ) C a r b o n  t a r g e t  ( M e V / c ) L e a d  t a r g e t  ( M e V / c ) R e f e r e n c e ® )
L o n g i t u d i n a l  T r a n s v e r s e 6) L o n g i t u d i n a l T r a n s v e r s e 6)
A p i s 1 1 0 ± 6 d) < 1 8 1 e) 6 1 ± 8 . 2  d) 3 1 7  ± 5 7  / )
A p i 2 8 4 ± 7  < 1 3 2 e) 
9 2 . 5 ± 3 . 1
7 6 ± 2 1 4 1 5  ± 2 8 ^ )
[ Z a h 9 3 ]
A p 10 2 7 0 ± 4 6  2 1 5 ± 1 2 0
1 8 5 ± 1 1  [ Z a h 9 3 ]
A p n ( z < 4 )
« 9 0  6 0 ± 4  [ L a b 9 9 a ]
A p n ( 1 2 B e ) 5 8 ± 3 4 9 ± 6
5 7 ± 2
5 4 ± 2 5 2 ± 7
5 9 ± 3 [ L a b 9 9 a ]
A p n ( 1 0 B e ) 8 9 ± 4 8 7 ± 1 7
9 5 ± 5 [ L a b 9 9 a ]
a )  f o r  d e f i n i t i o n ,  s e e  t e x t .
b )  c o m p o n e n t  i n  t h e  y - d i r e c t i o n ,  f o r  t h e  c u r r e n t  w o r k .
c )  p r e s e n t  w o r k  e x c e p t  w h e r e  s t a t e d .
d )  o v e r a l l  w i d t h ;  s o m e  e v i d e n c e  f o r  t w o  c o m p o n e n t s ,  s e e  t e x t .
e )  2 a  l i m i t .
f )  r e p r e s e n t s  e x t e n t  o f  d i s t o r t e d  d i s t r i b u t i o n .
T a b l e  5 .3 :  F W H M  v a l u e s  f o r  i n c l u s i v e  m o m e n t u m  d i s t r i b u t i o n s  a f t e r  b a c k g r o u n d  
s u b t r a c t i o n  a n d  s u b t r a c t i o n  o f  t h e  r e s o l u t i o n  i n  q u a d r a t u r e .
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T h e  l o n g i t u d i n a l  m o m e n t u m  d i s t r i b u t i o n s  f o r  n e u t r o n s  i n  c o i n c i d e n c e  w i t h  a  12B e  
g i v e  t h e  s a m e  w i d t h  v a l u e s  a s  t h o s e  i n  t h e  t r a n s v e r s e  d i r e c t i o n  f o r  e a c h  t a r g e t .  
A n  a v e r a g e  v a l u e  o f  5 5 ± 3  M e V / c  f o r  t h e  c a r b o n  t a r g e t  a n d  5 6 ± 3  M e V / c  f o r  t h e  
l e a d  t a r g e t  c a n  b e  i n f e r r e d  s i n c e  i n  e a c h  c a s e  t h i s  i n c l u d e s  t w o  o f  t h e  t h r e e  v a l u e s  
a t  t h e  l c r  l e v e l ,  a s  w o u l d  b e  e x p e c t e d  f o r  a  G a u s s i a n  d i s t r i b u t i o n .  T h i s  w o u l d  
s u g g e s t  t h a t  t h e  d i f f e r e n c e  i n  r e a c t i o n  m e c h a n i s m  b e t w e e n  t h e  h i g h  Z  a n d  t h e  
l o w  Z  t a r g e t  h a s  o n l y  a  m i n i m a l  e f f e c t  o n  t h e  n e u t r o n  m o m e n t u m .
W h e n  a  10B e  i o n  i s  m e a s u r e d  i n  c o i n c i d e n c e ,  t h e  r e s u l t i n g  n e u t r o n  m o m e n ­
t u m  d i s t r i b u t i o n  b e c o m e s  m u c h  b r o a d e r .  A g a i n ,  b o t h  t h e  l o n g i t u d i n a l  a n d  t h e  
t r a n s v e r s e  m o m e n t u m  d i s t r i b u t i o n s  a g r e e  w i t h  t h e  t r a n s v e r s e  w i d t h  f r o m  t h e  
a l t e r n a t i v e  a n a l y s i s  o f  [ L a b 9 9 a ] .
I n  s u m m a r y ,  t h e  l o n g i t u d i n a l  m o m e n t u m  d i s t r i b u t i o n s  f o r  n e u t r o n s  h a v e  b e e n  
e x t r a c t e d  u s i n g  t h e  e n e r g y  m e a s u r e d  f r o m  t h e  t i m e  o f  f l i g h t  w i t h  a p p r o x i m a t e l y  
t h e  s a m e  e r r o r  a s  t h e  p r e v i o u s l y  e x t r a c t e d  t r a n s v e r s e  m o m e n t u m  f r o m  t h e  a n g u ­
l a r  d i s t r i b u t i o n .  I n  a l l  c a s e s ,  t h e  w i d t h s  o f  t h e  n e u t r o n  m o m e n t u m  d i s t r i b u t i o n s  
i n  t h e s e  m u t u a l l y  p e r p e n d i c u l a r  d i r e c t i o n s  w e r e  f o u n d  t o  b e  t h e  s a m e .  T h e  12B e  
l o n g i t u d i n a l  m o m e n t u m  w i d t h  f o r  t h e  c a r b o n  t a r g e t  d a t a  a g r e e s  w i t h  t h a t  m e a ­
s u r e d  w i t h  a  c a r b o n  t a r g e t  b y  Z a h a r  [ Z a h 9 3 ]  w i t h i n  t h e  s t a t e d  e r r o r  b a r s .  T h e  
w i d t h  m e a s u r e d  h e r e  f o r  t h e  l e a d  t a r g e t  d a t a  i s  a l s o  f o u n d  t o  g i v e  t h e  s a m e  v a l u e .  
T h e s e  d i s t r i b u t i o n s  a r e  n a r r o w  a s  w o u l d  b e  e x p e c t e d  f r o m  t h e  b r e a k u p  o f  a  h a l o  
s t a t e .  T h e  w i d t h s  a r e  c o m p a r a b l e  t o  t h o s e  m e a s u r e d  f o r 9L i  f o l l o w i n g  t h e  b r e a k u p  
o f  n L i  ( 9 5 ± 1 2  M e V / c  [ K o b 8 8 ] )  a n d  f o r  t h e  4 H e  c o r e  a f t e r  t h e  b r e a k u p  o f  6 H e  
('-'-TOO M e V / c  [ A u m 9 8 ] ) .  T h e  w i d t h s  f o r  t h e  10B e  a r e  c o n s i s t e n t  w i t h  t h o s e  m e a ­
s u r e d  b y  Z a h a r  w i t h  a  c a r b o n  t a r g e t ,  w i t h i n  t h e  l i m i t a t i o n s  o f  t h e  p o o r  s t a t i s t i c s  
i n  t h e  p r e s e n t  w o r k .  T h e  s t a t i s t i c s  a r e  v e r y  p o o r  f o r  t h i s  r e a c t i o n  c h a n n e l ,  a s  is  
r e f l e c t e d  b y  t h e  v e r y  l a r g e  e r r o r  b a r s .
CHAPTER 5. RESULTS 164
5 .3 .4  T h e o r e t i c a l  c a lc u la t io n s
T h e  i n d i c a t i o n  o f  a  p o s s i b l e  m u l t i p l e  c o m p o n e n t  d i s t r i b u t i o n  f o r  t h e  13B e  l o n g i t u ­
d i n a l  m o m e n t u m  d i s t r i b u t i o n  i n d i c a t e s  t h a t  f u r t h e r  a n a l y s i s  i s  n e c e s s a r y  i n  o r d e r  
t o  i n t e r p r e t  t h i s  i n f o r m a t i o n .  C a l c u l a t i o n s  u s i n g  t h e . o p a q u e  l i m i t  o f  t h e  S e r b e r  
a p p r o x i m a t i o n  w e r e  u s e d  t o  m o d e l  t h e  r e a c t i o n  f o r  t h e  c a r b o n  t a r g e t .  T w o  m e t h ­
o d s  w e r e  u s e d ;  t h e  f i r s t  c a l c u l a t e d  t h e  a s y m p t o t i c  f o r m  o f  t h e  w a v e f u n c t i o n  ( a s  
d e t a i l e d  b y  H a n s e n  [ H a n 9 6 ] ) ,  t h e  s e c o n d  u s e d  t h e  c o m p l e t e  w a v e f u n c t i o n  ( s e e  f o r  
e x a m p l e  [ R i d 9 8 ] ) .  T h e  S e r b e r  a p p r o x i m a t i o n  i s  d e s c r i b e d  i n  c h a p t e r  2 .  I n  t h i s  
p r e l i m i n a r y  a n a l y s i s ,  t h e  e x p e r i m e n t a l  r e s o l u t i o n  f u n c t i o n  ( w i d t h  =  5 0  M e V / c )  
i s  n o t  i n c l u d e d ,  b u t  t h i s  d o e s  n o t  a f f e c t  t h e  g e n e r a l  c o n c l u s i o n s .
F o r  a  h a l o  t o  f o r m  i n  1 4 B e ,  t h e  n e u t r o n s  s h o u l d  h a v e  a  l a r g e  c o m p o n e n t  w i t h  
l o w  a n g u l a r  m o m e n t u m .  E v i d e n c e  f o r  a n  e x t e n d e d  14B e  m a t t e r  d i s t r i b u t i o n  c o m e s  
f r o m  a n  e x p e r i m e n t  b y  S u z u k i  [ S u z 9 8 ] ,  w h e r e  a n  r m s  r a d i u s  o f  2 . 9 4 ± 9  f m  w a s  
d e d u c e d  f r o m  a  m e a s u r e d  i n t e r a c t i o n  c r o s s - s e c t i o n  o f  1 0 8 2 T 3 4  m b  u s i n g  h a r m o n i c  
o s c i l l a t o r  d i s t r i b u t i o n s .  H e n c e ,  a  H a n s e n  s t y l e  c a l c u l a t i o n  w a s  m a d e  f o r  s - w a v e  
n e u t r o n s  i n  t h e  g r o u n d  s t a t e  o f  1 4 B e ,  b o u n d  r e l a t i v e  t o  13B e  b y  a n  a m o u n t  S n . 
C a l c u l a t i o n s  w e r e  a l s o  p e r f o r m e d  f o r  a  d - w a v e  n e u t r o n ,  f o r  t h e  e x c i t e d  s t a t e  a t  
E r d  =  2  M e V .
A s  t h e  g r o u n d  s t a t e  p e a k  e n e r g y  o f  1 3 B e ,  w i t h  r e f e r e n c e  t o  t h e  12B e  +  n  
t h r e s h o l d ,  i s  n o t  w e l l  d e f i n e d ,  a n  a s s u m e d  s e p a r a t i o n  e n e r g y  ( S „ )  o f  2  M e V  w a s  
u s e d  b e t w e e n  t h e  g r o u n d  s t a t e  o f  14B e  a n d  13B e  ( g r o u n d  s t a t e )  +  n .  T h e  c a l ­
c u l a t i o n  w a s  f o u n d  t o  b e  g e n e r a l l y  i n s e n s i t i v e  t o  t h i s  s e p a r a t i o n  e n e r g y  w i t h i n  
m o r e  t h a n  ± 1  M e V .  T h e  r e s u l t s  o f  t h i s  f i r s t  c a l c u l a t i o n  a r e  s h o w n  i n  f i g u r e  5 .1 5 .  
T h e  m a g n i t u d e s  o f  t h e  d i s t r i b u t i o n s  f r o m  t h e  c a l c u l a t i o n s  w e r e  s c a l e d  t o  t h a t  
o f  t h e  d a t a  a n d  s h i f t e d  f r o m  z e r o  t o  l i n e  u p  w i t h  t h e  d a t a .  T h e  c e n t r a l  p a r t  o f  
t h e  e x p e r i m e n t a l  d i s t r i b u t i o n  i s  i n  g o o d  a g r e e m e n t  w i t h  t h e  c a l c u l a t i o n ,  b u t  t h e  
b r o a d e r  p a r t  i s  c o m p l e t e l y  m i s s i n g .
A  l o n g e r  c a l c u l a t i o n  o f  t h e  s e c o n d  t y p e  [ R i d 9 7 ] ,  u s i n g  t h e  f u l l  W o o d s - S a x o n
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F i g u r e  5 .1 5 :  C a l c u l a t e d  a n d  m e a s u r e d  l o n g i t u d i n a l  m o m e n t u m  d i s t r i b u t i o n s  f o r  
13  B e  f o r  c a r b o n  t a r g e t  d a t a .  T h e  c a l c u l a t i o n  u s i n g  t h e  a s y m p t o t i c  w a v e f u n c t i o n  
w i t h  a  s e p a r a t i o n  e n e r g y  o f  2  M e V  f o r  t h e  s - w a v e  ( r e d  d o t t e d  l i n e )  a n d  4  M e V  
f o r  t h e  d - w a v e  c o m p o n e n t  ( g r e e n  d a s h e d  l i n e ) .  T h e  s u m  o f  t h e s e  c o m p o n e n t s  i s  
s h o w n  a s  a  b l u e  l o n g - d a s h e d  l i n e .
w a v e f u n c t i o n  f o r  t h e  n e u t r o n  w a s  p e r f o r m e d .  T h e  r e s u l t s  a r e  s h o w n  i n  p a n e l  ( a )  
o f  f i g u r e  5 .1 6 .  I n  t h i s  c a l c u l a t i o n ,  t h e  d - w a v e  e x c i t e d  s t a t e  n e u t r o n  g i v e s  r i s e  t o  
a  m u c h  w i d e r  d i s t r i b u t i o n  w i t h  a  c h a r a c t e r i s t i c  d i p .  S c a l i n g  a n d  s u m m i n g  t h e s e  
c a l c u l a t e d  d i s t r i b u t i o n s  g i v e s  v e r y  g o o d  a g r e e m e n t  w i t h  t h e  d a t a .  T h e  r e g i o n  
t o  t h e  f a r  l e f t  o f  t h e  s p e c t r u m  s h o w s  a  s l i g h t  e x c e s s  o f  c o u n t s  w h i c h  i s  d u e  t o  
d i s t o r t i o n s  i m p o s e d  b y  t h e  d e t e c t i o n  s y s t e m .  I t  i s  n o t  e x p e c t e d  t h a t  t h i s  c o u l d  
b e  e x p l a i n e d  w i t h o u t  s i m u l a t i n g  t h e  e x p e r i m e n t a l  c o n d i t i o n s  i n  d e t a i l .  T h e  s a m e  
s e p a r a t i o n  e n e r g i e s  o f  2  M e V  f o r  t h e  s - w a v e  c o m p o n e n t  a n d  4  M e V  f o r  t h e  p - w a v e  
c o m p o n e n t  w e r e  u s e d  i n  t h i s  c a l c u l a t i o n .
I n  t h e  H a n s e n  c a l c u l a t i o n ,  t h e  a s y m p t o t i c  w a v e f u n c t i o n  o f  t h e  h a l o  n e u t r o n  i s  
c a l c u l a t e d  f r o m  t h e  r e l a t i v e  b i n d i n g  e n e r g i e s  a n d  i n d e e d  i s  e x t r a p o l a t e d  b a c k  i n t o
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pz13Be (MeV)
F i g u r e  5 .1 6 :  C a l c u l a t e d  a n d  m e a s u r e d  l o n g i t u d i n a l  m o m e n t u m  d i s t r i b u t i o n s  f o r  
13 B e  f o r  c a r b o n  t a r g e t  d a t a .  T h e  f u l l  w a v e  f u n c t i o n  i s  u s e d  i n  a l l  t h e  c a l c u l a t i o n s .  
I n  p a n e l s  ( a )  a n d  ( b ) ,  a  s e p a r a t i o n  e n e r g y  o f  2  M e V  f o r  t h e  s - w a v e  ( r e d  d o t t e d  
l i n e )  a n d  p - w a v e  ( p u r p l e  d o t - d a s h e d  l i n e ,  i n  ( b ) )  a n d  4  M e V  f o r  t h e  d - w a v e  
c o m p o n e n t  ( g r e e n  d a s h e d  l i n e ) .  I n  p a n e l  ( c ) ,  1 M e V  s e p a r a t i o n  e n e r g y  i s  u s e d  f o r  
t h e  s - w a v e  a n d  p - w a v e  c o m p o n e n t s  a n d  3  M e V  i s  u s e d  f o r  t h e  d - w a v e  c o m p o n e n t .  
T h e  s u m  o f  t h e s e  c o m p o n e n t s  i n  a l l  c a s e s  i s  s h o w n  a s  a  b l u e  l o n g - d a s h e d  l i n e .
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t h e  s u r f a c e  r e g i o n  o f  t h e  n u c l e u s .  I n  t h e  b r e a k u p  o f  o n e  n e u t r o n  h a l o  n u c l e i ,  t h e  
i n i t i a l  s t a t e  i s  w e a k l y  b o u n d  b u t  t h e  c o r e  i t s e l f  i s  r e l a t i v e l y  w e l l  b o u n d .  H e n c e ,  
t h e  s e p a r a t i o n  e n e r g y  i s  w e l l  d e f i n e d  i n  v a l u e  a n d  t h e r e f o r e  s o  i s  t h e  a s y m p t o t i c  
w a v e f u n c t i o n .  F u r t h e r m o r e ,  t h e  a s y m p t o t i c  w a v e f u n c t i o n  i s  a  r e a s o n a b l e  a p p r o x ­
i m a t i o n  a t  t h e  r e l e v a n t  r a d i i .  T h e  m a i n  d i s c r e p a n c y  i n  t h e  H a n s e n  c a l c u l a t i o n  
c o m p a r e d  w i t h  t h e  f u l l  W o o d s - S a x o n  w a v e f u n c t i o n  c a l c u l a t i o n  i s  t h e  w i d t h  o f  
t h e  d - w a v e  c o m p o n e n t .  T h i s  c o m p o n e n t  i s  r e l a t i v e l y  w e l l  b o u n d  a n d  h e n c e  t h e  
a p p r o x i m a t i o n s  u n d e r l y i n g  t h e  H a n s e n  m o d e l  a r e  l e s s  w e l l  f o u n d e d .
A n o t h e r  c a l c u l a t i o n  w a s  p e r f o r m e d  u s i n g  a  p - w a v e  n e u t r o n  a t  t h e  s a m e  e n e r g y  
a s  t h a t  a s s u m e d  f o r  t h e  g r o u n d  s t a t e  o f  13B e  ( S „  =  2  M e V ) ,  a s  s u g g e s t e d  b y  
L a b i c h e  e t .  a l .  [ L a b 9 9 b ] .  A l l  t h r e e  c o n t r i b u t i o n s  w e r e  s c a l e d  a n d  s u m m e d  t o  f i t  
t h e  e x p e r i m e n t a l  d a t a  ( s e e  p a n e l  ( b )  o f  f i g u r e  5 .1 6 .  M u c h  l e s s  d - w a v e  c o m p o n e n t  
i s  n e e d e d  t o  f i t  t h e  d a t a  w h e n  a  p - w a v e  n e u t r o n  i s  i n c l u d e d .  I n c l u d i n g  o r  e x c l u d i n g  
a  p - w a v e  n e u t r o n  a t  t h e  g r o u n d  s t a t e  e n e r g y  b o t h  p r o v i d e  g o o d  f i t s  t o  t h e  d a t a ,  
h e n c e  i t  i s  n o t  p o s s i b l e  t o  s e l e c t  t h e  b e s t  i n t e r p r e t a t i o n .  T h e  p - w a v e  c o m p o n e n t  
f r o m  t h i s  c a l c u l a t i o n  i s  w i d e r  t h a n  t h a t  f o r  t h e  s - w a v e  c o m p o n e n t .  I t  i s  c l e a r  t h a t  
o m i t t i n g  t h e  s - w a v e  w o u l d  r e s u l t  i n  a  w o r s e  f i t  t h a n  c a n  b e  o b t a i n e d  w i t h  i t .
T h e  c a l c u l a t i o n s  w e r e  s h o w n  t o  b e  i n s e n s i t i v e  t o  t h e  p r e c i s e  s e p a r a t i o n  e n e r g y  
( S n ) u s e d .  T h e  c a l c u l a t i o n  u s i n g  s - w a v e ,  d - w a v e  a n d  p - w a v e  c o m p o n e n t s  w i t h  
t h e  f u l l  W o o d s - S a x o n  p o t e n t i a l  w a s  r e p e a t e d  u s i n g  S n  =  1 M e V  f o r  s - w a v e  a n d  
p - w a v e  a n d  3  M e V  f o r  d - w a v e  c o m p o n e n t s  a n d  t h e  r e s u l t s  a r e  s h o w n  i n  p a n e l  ( c )  
o f  f i g u r e  5 .1 6 .  T h e s e  c a l c u i a t i o n s  a r e  a l m o s t  i d e n t i c a l  t o  t h o s e  o f  p a n e l  ( b )  w h e r e  
t h e  s e p a r a t i o n  e n e r g y  i s  1  M e V  g r e a t e r  f o r  e a c h  c o m p o n e n t .
A  m o r e  d e t a i l e d  t h e o r e t i c a l  s t u d y  o f  t h e  s t r u c t u r e  o f 13B e  a n d  14B e  i s  c u r r e n t l y  
i n  p r o g r e s s  [T arO O ] w h i c h  i t  i s  h o p e d  w i l l  p r o v i d e  a  c l e a r e r  i n t e r p r e t a t i o n  o f  t h e  
e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  h e r e .  T h i s  w i l l  i n c l u d e  d e t a i l e d  t h e o r e t i c a l  m o d e l s  
o f  b o t h  t h e  14B e  a n d  13B e  w a v e f u n c t i o n s  a n d  t h e  r e a c t i o n  m e c h a n i s m .
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5.4 A ngular correlations
T h e  a n g u l a r  d i s t r i b u t i o n s  o f  t h e  n e u t r o n s  i n  t h e  r e s t  f r a m e  o f  t h e  13B e  r e c o n ­
s t r u c t e d  p a r t i c l e  a r e  s h o w n  i n  f i g u r e  5 .1 7 .  T h e  a n g l e  9 n  i s  t h e  e n c l o s e d  a n g l e  
m e a s u r e d  r e l a t i v e  t o  t h e  13B e  v e l o c i t y  i n  t h e  l a b o r a t o r y  f r a m e .  A l l  12 B e  +  n  
d a t a  a r e  i n c l u d e d ,  r e g a r d l e s s  o f  t h e  r e l a t i v e  e n e r g y ,  E r d . T h e  r e s t  f r a m e  o f  t h e  
13B e  w a s  d e t e r m i n e d  i n  a  r e l a t i v i s t i c a l l y  c o r r e c t  f a s h i o n ,  f o r  t h e  o b s e r v e d  E r d , a s  
d e s c r i b e d  e a r l i e r .
F i g u r e  5 .1 7 :  A n g u l a r  d i s t r i b u t i o n  o f  t h e  n e u t r o n  i n  t h e  r e s t  f r a m e  o f  t h e  r e c o n ­
s t r u c t e d  13  B e  f o r  t h e  c a r b o n  t a r g e t  d a t a ,  m e a s u r e d  w i t h  r e s p e c t  t o  t h e  v e l o c i t y  
o f  t h e  r e c o n s t r u c t e d  l3 B e  i n  t h e  l a b o r a t o r y  f r a m e .  T h e  r a w  d a t a  a r e  s h o w n  b y  
t h e  r e d  h i s t o g r a m  a n d  t h e  s c a l e d  b a c k g r o u n d  b y  t h e  g r e e n  h i s t o g r a m .
T h e  l e f t  s i d e  o f  t h e  s p e c t r u m  i s  d o m i n a t e d  b y  b a c k g r o u n d .  T h i s  r e g i o n  c o n ­
t a i n s  t h e  e v e n t s  w h e r e  t h e  n e u t r o n  i s  e m i t t e d  b a c k w a r d s  i n  t h e  c e n t r e  o f  m a s s  
o f  t h e  13B e  a n d  t h e r e f o r e  h a s  a  l o w e r  v e l o c i t y  i n  t h e  l a b o r a t o r y  f r a m e .  A s  d e ­
s c r i b e d  i n  s e c t i o n  4 . 2 .7 ,  i t  i s  t h e s e  e v e n t s  w h i c h  a r e  m i m i c k e d  b y  r e a c t i o n s  o f  t h e  
14 B e  b e a m  p a r t i c l e s  i n  t h e  d e t e c t o r  t e l e s c o p e  a t  0 ° .  T h i s  b a c k g r o u n d  i s  s h o w n
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i n  t h e  ‘t a r g e t  o u t ’ d a t a  b y  a  l a r g e  p e a k  c l o s e  t o  - 1 .  T h e  f i n a l  s p e c t r u m ,  a f t e r  
s u b t r a c t i o n ,  i s  g e n e r a l l y  f l a t ,  a p a r t  f r o m  a  f a l l  o f f  i n  c o u n t s  t o w a r d s  c o s ( 6 )  =  - 1 , 
w h e r e  t h i s  l a r g e  b a c k g r o u n d  i s  a p p a r e n t .  T h i s  l a r g e l y  f l a t  d i s t r i b u t i o n  i m p l i e s  
q u i t e  a n  i s o t r o p i c  d i s t r i b u t i o n ,  w h i c h  m e a n s  e i t h e r  t h a t  t h e r e  i s  n o  p o l a r i s a t i o n  
i n  t h e  r e a c t i o n  o r  t h a t  s t a t e s  o f  j u s t  z e r o  s p i n  a r e  p o p u l a t e d  a n d  a n y  i n t e r f e r e n c e  
i s  s m a l l .
F i g u r e  5 .1 8 :  N e u t r o n  a n g u l a r  d i s t r i b u t i o n s  a s  i n  f i g u r e  5 . 1 7 ,  b u t  s u b d i v i d e d  b y  
r e l a t i v e  e n e r g y ,  i n  1 3 B e ,  f o r  t h e  c a r b o n  t a r g e t  d a t a .  T h e  e n e r g y  b i n s  a r e :  ( a )  
<  8 0 0  K e V ,  ( b )  8 0 0  k e V  t o  1 .6  M e V ,  ( c )  1 .6  M e V  t o  2 .4  M e V ,  ( d )  2 .4  M e V  t o  
3 . 4  M e V ,  ( e )  3 . 4  M e V  t o  4 . 4  M e V  a n d  ( f )  4 . 4  M e V  t o  5 .4  M e V .
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F o r  a  s i n g l e  s t a t e  o f  g i v e n  s p i n  a n d  p a r i t y ,  a  d i s t r i b u t i o n  s y m m e t r i c  a r o u n d  
z e r o  ( 9 0 ° )  w o u l d  b e  e x p e c t e d .  S p i n  a n d  p a r i t y  r u l e s  a l l o w  j u s t  a  s i n g l e  a n g u l a r  
m o m e n t u m  £  f o r  t h e  d e c a y s  a n d  a  p o l y n o m i a l  o f  o r d e r  2 £  i n  c o s ( # n ) w o u l d  a r i s e  
c o r r e s p o n d i n g  t o  |P ^ ( c o s ( 0 n ) ) | 2  i n  t h e  s i m p l e s t  c a s e  ( o n l y  m  =  0  s u b s t a t e ) .  I f  
t h e r e  i s  m o r e  t h a n  o n e  a n g u l a r  m o m e n t u m  i n v o l v e d ,  t h e n  t h i s  i s  a  s i g n a t u r e  o f  
o v e r l a p p i n g  l e v e l s  a n d  t h e  i n t e r f e r e n c e  b e t w e e n  t h e m  c a n  l e a d  t o  a n g u l a r  d i s ­
t r i b u t i o n s  t h a t  a r e  n o  l o n g e r  s y m m e t r i c  a r o u n d  c o s ( 0 n ) =  0 .  I f  a n  a s y m m e t r i c  
d i s t r i b u t i o n  i s  o b s e r v e d ,  t h e n  t h i s  n e c e s s a r i l y  i m p l i e s  t h a t  o v e r l a p p i n g  r e s o n a n c e s  
a r e  p o p u l a t e d .
T o  t r y  t o  i n t e r p r e t  t h e  a n g u l a r  d i s t r i b u t i o n  m o r e  r i g o r o u s l y ,  t h e  d a t a  w e r e  
s e p a r a t e d  i n t o  e n e r g y  b i n s  a c c o r d i n g  t o  t h e  m e a s u r e d  r e l a t i v e  e n e r g y .  T h e  a n g u l a r  
d i s t r i b u t i o n s  o f  a n y  e x c i t e d  s t a t e s ,  a t  s p e c i f i c  r e l a t i v e  e n e r g i e s  c o u l d  t h e n  b e  
a s s e s s e d  i n d i v i d u a l l y .
T h e  a n g u l a r  d i s t r i b u t i o n s  s h o w n  i n  f i g u r e  5 .1 8  a r e  f o r  e n e r g y  b i n s  c h o s e n  t o  b e  
c e n t r e d  a t  t h e  r e l a t i v e  e n e r g i e s  o f  p r e v i o u s l y  o b s e r v e d  s t a t e s  i n  1 3 B e .  S p e c t r u m  
( a )  s h o u l d  c o n t a i n  t h e  g r o u n d  s t a t e  a s  t h i s  i s  e x p e c t e d  f r o m  t h e  i n v a r i a n t  m a s s  
a n a l y s i s  t o  b e  b e l o w  5 0 0  k e V .  T h e  r e s t  o f  t h e  d a t a  a p p e a r s  t o  l i e  a l o n g  a  s t r a i g h t  
l i n e  w h i c h  h a s  a  s l i g h t  s l o p e .  A  l i n e a r  r e g r e s s i o n  w a s  p e r f o r m e d  o n  t h e  d a t a  
t o  d e t e r m i n e  t h e  g r a d i e n t  o f  t h i s  l i n e  a n d  t o  f i n d  i f  t h e  s l o p e  i s  s t a t i s t i c a l l y  
s i g n i f i c a n t .  T h e  l e f t - m o s t  b i n s  i n  c o s ( 0 n ) a r e  a f f e c t e d  b y  a  b a c k g r o u n d  w h i c h  i s  
a t  l e a s t  c o m p a r a b l e  w i t h  t h e  n u m b e r  o f  g e n u i n e  c o u n t s .  A  c u t - o f f  p o i n t  f o r  t h e  f i t  
w a s  a p p l i e d  t o  e n s u r e  t h a t  t h e  f i t  w a s  n o t  b i a s e d  b y  t h e s e  b a c k g r o u n d  d o m i n a t e d  
d a t a .  F i t s  w e r e  p e r f o r m e d  t o  t h e  d a t a  e x c l u d i n g  t h e  f i r s t  6  t o  1 2  p o i n t s  a n d  
t h e  r e s u l t s  w e r e  f o u n d  t o  b e  c o n s i s t e n t .  D i s r e g a r d i n g  t h e  f i r s t  n i n e  d a t a  p o i n t s ,  
t h e  s l o p e  w a s  f o u n d  t o  b e  - 4 0 . 4 ± 1 2 . 6 .  B y  t h i s  a n a l y s i s ,  t h e r e  i s  a  s t a t i s t i c a l l y  
s i g n i f i c a n t  a s y m m e t r y  i n  t h e  a n g u l a r  d i s t r i b u t i o n  b e l o w  8 0 0  k e V .  A n  a s y m m e t r y  
o f  t h i s  k i n d  c a n  b e  i n t e r p r e t e d  a s  t h e  i n t e r f e r e n c e  b e t w e e n  t w o  s t a t e s  o f  o p p o s i t e  
p a r i t y .
L i n e a r  r e g r e s s i o n s  w e r e  p e r f o r m e d  i n  t h e  s a m e  w a y  o n  a l l  o f  t h e  a n g u l a r
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d i s t r i b u t i o n s  i n  f i g u r e  5 .1 8 .  S p e c t r a  ( d ) ,  ( e )  a n d  ( f )  w e r e  a l l  f o u n d  t o  b e  e f f e c t i v e l y  
f l a t  w i t h  s l o p e s  o f  1 . 0 ± 5 . 7 ,  4 . 9 ± 4 . 7  a n d  0 . 0 3 ± 2 . 8 2  r e s p e c t i v e l y .  S p e c t r u m  ( b )  h a s  
a  g r a d i e n t  s i m i l a r  t o  t h a t  i n  s p e c t r u m  ( a )  o f  - 4 2 . 3 ± 9 . 6  a n d  s p e c t r u m  ( c )  h a s  a  
m o r e  s h a l l o w  g r a d i e n t  o f  - 2 2 . 7 ± 6 . 6 .  A  l i n e a r  a s y m m e t r y  c o u l d  b e  p r o d u c e d  b y  
i n t e r f e r e n c e  b e t w e e n  s - w a v e  a n d  p - w a v e  s t a t e s .  I f  t h e r e  i s  a  l o w  l y i n g  p - w a v e  
n e g a t i v e  p a r i t y  s t a t e  i n t e r f e r i n g  w i t h  t h e  e x p e c t e d  p o s i t i v e  p a r i t y  s t a t e ,  t h e n  i t  
i s  w i d e  e n o u g h  t o  s h o w  e f f e c t s  i n  t h e  d a t a  u p  t o  a b o u t  2  M e V .
F i g u r e  5 .1 9 :  A n g u l a r  d i s t r i b u t i o n s  o f  t h e  n e u t r o n  m e a s u r e d  i n  t h e  r e s t  f r a m e  o f  
t h e  r e c o n s t r u c t e d  1 3 B e .  D a t a  a r e  f o r  t h e  c a r b o n  t a r g e t  r e a c t i o n s  a n d  a r e  g a t e d  
o n  E re i v a l u e s  i n  t h e  r e g i o n  o f  t h e  e x p e c t e d  d - w a v e  r e s o n a n c e .  T h e  c u r v e s  a r e  f o r  
| P 2 ( c o s ( 0 n ) | 2 a n d  i n d i c a t e  t h a t  t h e  d a t a  f a i l  t o  b e  d e s c r i b e d  b y  a  s i m p l e  i  —  2  
d e c a y .  T h e  u p p e r  p a n e l  i s  f o r  E rei b e t w e e n  0 . 8  M e V  a n d  1 .6  M e V ,  t h e  l o w e r  p a n e l  
i s  f o r  E re i b e t w e e n  1 .2  M e V  a n d  2 .0  M e V  ( s e e  t e x t ) .
T h e  s e c o n d  e n e r g y  b i n ,  p a n e l  ( b )  o f  f i g u r e  5 .1 8  a p p e a r s  o n  c a s u a l  i n s p e c t i o n  
t o  s h o w  s o m e  s t r u c t u r e  s i m i l a r  t o  t h e  s q u a r e  o f  t h e  s e c o n d  L e g e n d r e  p o l y n o m i a l
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( I P 2 I2 ) .  T h i s  i s  t h e  s t r u c t u r e  w h i c h  w o u l d  b e  e x p e c t e d  f o r  a n  1 =  2  d e c a y .  H o w ­
e v e r ,  w h e n  c o m p a r e d  w i t h  a  t r u e  | P 2 |2 c u r v e  ( s e e  f i g u r e  5 . 1 9 ,  u p p e r  p a n e l ) ,  i t  is  
c l e a r  t h a t  t h e  s t r u c t u r e  o f  t h e  d a t a  c a n n o t  b e  e x p l a i n e d  t h i s  w a y .  I t  s h o u l d  b e  
n o t e d  t h a t  t h i s  e n e r g y  b i n  i s  n o t  o p t i m i s e d  f o r  t h e  p o s i t i o n  o f  t h e  d - w a v e  r e s o ­
n a n c e .  F r o m  t h e  s i m u l a t i o n s  p r e s e n t e d  i n  c h a p t e r  5 .6 ,  a l t h o u g h  t h e  r e s o n a n c e  is  
a t  2  M e V ,  t h e  p e a k  w o u l d  a p p e a r  a t  b e t w e e n  1 .2  M e V  a n d  2 .0  M e V .  T h i s  n e w  
l i m i t  w a s  u s e d  f o r  a  f u r t h e r  a n g u l a r  d i s t r i b u t i o n ,  s h o w n  i n  t h e  l o w e r  p a n e l  o f  
f i g u r e  5 .1 9 .  A n y  r e s e m b l a n c e  t o  a  ( | P 2 12 ) c u r v e  i s  n o w  c o m p l e t e l y  a b s e n t .  T h e r e ­
f o r e ,  t h e r e  i s  n o  e v i d e n c e  f r o m  t h e  a n g u l a r  c o r r e l a t i o n  d a t a  f o r  t h e  p o p u l a t i o n  o f  
t h e  d - w a v e  r e s o n a n c e  i n  t h e  r e a c t i o n  u s e d  h e r e .
C h a p t e r  6
C o n c l u s i o n s
A n  e x p e r i m e n t  h a s  b e e n  p e r f o r m e d  t o  s t u d y  t h e  b r e a k u p  o f  1 4 B e ,  o n  t a r g e t s  o f  
l e a d  a n d  c a r b o n ,  i n  o r d e r  t o  r e c o n s t r u c t  s t a t e s  i n  t h e  u n b o u n d  n u c l e u s  13  B e .  I n ­
f o r m a t i o n  p e r t a i n i n g  t o  t h e  1 2 B e - n  i n t e r a c t i o n  i s  i m p o r t a n t  f o r  t h r e e - b o d y  m o d e l s  
o f  t h e  t w o  n e u t r o n  h a l o  n u c l e u s  1 4 B e .  P r e v i o u s  e x p e r i m e n t a l  s t u d i e s  o f  13B e  u s ­
i n g  m u l t i n u c l e o n  t r a n s f e r  r e a c t i o n s  h a v e  p o p u l a t e d  a  n u m b e r  o f  e x c i t e d  s t a t e s  
[ A l e 8 3 ,  O s t 9 2 ,  K o r 9 5 ] ,  b u t  h a v e  n o t  b e e n  a b l e  t o  p o p u l a t e  l o w  s p i n  s t a t e s  c o n ­
v i n c i n g l y .  O n l y  o n e  t e n t a t i v e  s p i n  o r  p a r i t y  a s s i g n m e n t  h a s  b e e n  m a d e  -  f o r  t h e  
|  s t a t e  -  b a s e d  o n  i t s  s e l e c t i v e  e x c i t a t i o n  a n d  n a r r o w  w i d t h .  T h e  e n e r g y  o f  t h e  
g r o u n d  s t a t e ,  w h i c h  i s  e x p e c t e d  t o  h a v e  l o w  s p i n ,  r e m a i n s  p o o r l y  d e f i n e d  [ B e l9 8 ]  
a n d  t h e r e  i s  d i s a g r e e m e n t  o v e r  i t s  s t r u c t u r e  [ L a b 9 9 b ] .  T h e  e x p e r i m e n t  d e s c r i b e d  
h e r e  w a s  d e s i g n e d  t o  s t u d y  t h e  n e a r  n e u t r o n  t h r e s h o l d  s t r u c t u r e  o f  13  B e  i n  o r d e r  
t o  c h a r a c t e r i s e  f u r t h e r  t h e  g r o u n d  s t a t e  a n d  a n y  l o w  l y i n g  e x c i t e d  s t a t e s .
T h e  r e l a t i v e  v e l o c i t i e s  o f  n e u t r o n s  a n d  12B e  i o n s  w e r e  c a l c u l a t e d  f o r  e v e n t s  
i n  w h i c h  t h e  t w o  p a r t i c l e  v e l o c i t i e s  w e r e  a p p r o x i m a t e l y  a l i g n e d  a l o n g  t h e  b e a m  
d i r e c t i o n .  T h e  r e s u l t i n g  a r i t h m e t i c  v e l o c i t y  d i f f e r e n c e  ( A V D )  s p e c t r a  s h o w  a  
c o n c e n t r a t i o n  o f  s t r e n g t h  a t  c l o s e  t o  z e r o  r e l a t i v e  v e l o c i t y ,  w h i c h  i s  c o n s i s t e n t  
w i t h  l o w - l y i n g  s - w a v e  s t r e n g t h  i n  1 3 B e .  T h i s  r e s u l t  i s  i n  q u a l i t a t i v e  a g r e e m e n t  
w i t h  t h e  f r a g m e n t a t i o n  o f  a n  180  b e a m  p e r f o r m e d  a t  8 0  M e V / A  [ T h o 9 7 ,  T h o O O ] . 
T h i s  l a r g e  c e n t r a l  p e a k  i s  c h a r a c t e r i s t i c  o f  s t r e n g t h  i n  t h e  c o n t i n u u m  s t r u c t u r e
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c l o s e  t o  t h e  t h r e s h o l d  f o r  n e u t r o n  e m i s s i o n .
T h e  A V D  r e s u l t  i s  s u p p o r t e d  b y  t h e  i n v a r i a n t  m a s s  r e c o n s t r u c t i o n ,  w h i c h  
w a s  c a l c u l a t e d  f o r  a l l  c o i n c i d e n c e  e v e n t s ,  u s i n g  t h e  v e c t o r  v e l o c i t y  d i f f e r e n c e  i n  
t h r e e  d i m e n s i o n s .  S i m u l a t i o n s  o f  t h e  e x p e r i m e n t  s h o w  t h a t  t h e r e  i s  i n c r e a s e d  
s e n s i t i v i t y  i n  t h e  d e t e c t i o n  s y s t e m  f o r  s t a t e s  w i t h  l o w  r e l a t i v e  e n e r g y ,  a s  e x p e c t e d .  
H o w e v e r ,  t h e  e f f e c t s  o f  t h e  a c c e p t a n c e s  a n d  p h a s e  s p a c e  r e s t r i c t i o n s ,  a r e  n o t  
e n o u g h  t o  d e s c r i b e  t h e  d a t a .  I n d e e d ,  t h e  p e a k  s e e n  i n  t h e  e x p e r i m e n t a l  d a t a  
g r e a t l y  e x c e e d s  t h a t  s e e n  i n  t h e  s i m u l a t i o n  o f  t h e  a c c e p t a n c e s .  T h e r e  i s  c o n c l u s i v e  
e v i d e n c e ,  t h e r e f o r e ,  o f  s i g n i f i c a n t  l o w - l y i n g  s t r e n g t h  i n  t h e  13B e  c o n t i n u u m .  T h e  
l a r g e r  a n g u l a r  a c c e p t a n c e  f o r  t h e  i n v a r i a n t  m a s s  a n a l y s i s  r e s u l t s  i n  a n  i n c r e a s e d  
s e n s i t i v i t y  f o r  h i g h e r  E r d  v a l u e s  t h a n  t h o s e  m e a s u r e d  i n  t h e  A V D .  T h e  r e s u l t s  
i n d i c a t e  t h a t  i f  t h e  s - w a v e  s t r e n g t h  i s  a s s u m e d ,  t h e n  t h e r e  i s  a d d i t i o n a l  p o p u l a t i o n  
o f  13B e  a t  h i g h e r  E r d  v a l u e s ,  u p  t o  s e v e r a l  M e V .  H o w e v e r ,  i t  i s  n o t  p o s s i b l e  t o  s a y  
i f  t h i s  i n c l u d e s  t h e  s t a t e  p r e v i o u s l y  o b s e r v e d  a t  E r d  =  2 .0  M e V  a n d  t e n t a t i v e l y  
i d e n t i f i e d  a s  h a v i n g  a  ^ ( d | )  s i n g l e  p a r t i c l e  s t r u c t u r e .
A  s i m u l a t i o n  o f  t h e  i n v a r i a n t  m a s s  m e a s u r e m e n t  a s s u m i n g  a  s e p a r a t i o n  e n e r g y  
o f  5 0 0  k e V  a n d  a  w i d t h  o f  5 0 0  k e V  w a s  u s e d  a s  a  s t a r t i n g  p o i n t  f o r  c o m p a r i s o n s  
w i t h  t h e  e x p e r i m e n t a l  d a t a .  T h e  m e a s u r e d  r e l a t i v e  e n e r g y  i n c r e a s e s  m o r e  s h a r p l y  
t h a n  t h a t  o f  t h e  s i m u l a t i o n ,  i m p l y i n g  t h a t  t h e  s t r e n g t h  i s  e v e n  c l o s e r  t o  t h r e s h o l d  
t h a n  5 0 0  k e V .  H i g h  r e l a t i v e  a n g u l a r  m o m e n t u m  s t a t e s  a r e  l i m i t e d  a t  v e r y  l o w  
r e l a t i v e  e n e r g i e s  d u e  t o  t h e  r e s t r i c t i o n s  i n  p h a s e  s p a c e .  T h e r e f o r e ,  i t  i s  l i k e l y  t h a t  
t h i s  s t r e n g t h  i s  d u e  t o  a  n e u t r o n  c o u p l e d  t o  t h e  12B e  c o r e  i n  a  v i r t u a l  s - w a v e  
s t a t e .  H o w e v e r ,  w i t h o u t  f u r t h e r  t h e o r e t i c a l  a n a l y s i s ,  t h e  p o s s i b i l i t y  o f  a  p - w a v e  
r e s o n a n c e  c a n n o t  b e  r u l e d  o u t  o n  t h i s  b a s i s  a l o n e .
B o t h  t r a n s v e r s e  a n d  l o n g i t u d i n a l  n e u t r o n  m o m e n t u m  d i s t r i b u t i o n s  m e a s u r e d  
f r o m  t h e  e n e r g y  a n d  p o s i t i o n  a r e  i n  q u a n t i t a t i v e  a g r e e m e n t  w i t h  t h e  t r a n s v e r s e  
m o m e n t u m  d i s t r i b u t i o n s  c a l c u l a t e d  f r o m  t h e  a n g u l a r  d i s t r i b u t i o n  [ L a b 9 9 a ] .  R e s ­
o l u t i o n  e f f e c t s  d u e  t o  p o o r  w i r i n g  i n  o n e  o f  t h e  b e a m  t r a c k i n g  d e t e c t o r s  r e s u l t e d  
i n  l a r g e r  u n c e r t a i n t i e s  i n  t h e  t r a n s v e r s e  d i s t r i b u t i o n s  m e a s u r e d  h e r e  c o m p a r e d
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w i t h  t h e  p r e v i o u s  a n a l y s i s .  T h e  l o n g i t u d i n a l  m e a s u r e m e n t  d o e s  n o t  a p p e a r  t o  
s u f f e r  f r o m  t h i s  p r o b l e m  t o  t h e  s a m e  d e g r e e  a n d  h a s  s m a l l e r  a s s o c i a t e d  e r r o r s .
M o m e n t u m  d i s t r i b u t i o n s  h a v e  a l s o  b e e n  p r o d u c e d  f o r  10B e  a n d  12B e  i o n s  a n d  
f o r  t h e  r e c o n s t r u c t e d  13B e  p a r t i c l e s .  T h e  13B e  l o n g i t u d i n a l  m o m e n t u m  d i s t r i b u ­
t i o n  d i s p l a y s  e v i d e n c e  f o r  a  b r o a d  c o m p o n e n t  a n d  a  n a r r o w  c o m p o n e n t .  C a l c u ­
l a t i o n s  u s i n g  t h e  o p a q u e  l i m i t  o f  t h e  S e r b e r  a p p r o x i m a t i o n  h a v e  b e e n  p e r f o r m e d  
i n  a n  a t t e m p t  t o  r e p r o d u c e  t h e  s t r u c t u r e  o f  t h e  m o m e n t u m  d i s t r i b u t i o n .  I t  w a s  
f o u n d  t h a t  u s i n g  a  r e d u c e d  c a l c u l a t i o n ,  w h e r e  t h e  w a v e f u n c t i o n  i s  a p p r o x i m a t e d  
b y  a  H a n k e l  f u n c t i o n  e x t r a p o l a t e d  f r o m  t h e  a s y m p t o t i c  p a r t ,  f a i l e d  t o  p r o v i d e  a  
s a t i s f a c t o r y  d e s c r i p t i o n  o f  t h e  m e a s u r e d  d i s t r i b u t i o n .  T h i s  m a y  b e  b e c a u s e  t h e  
h a l o  n u c l e u s  i s  s i g n i f i c a n t l y  m o r e  b o u n d  t h a n  t h e  f i n a l  s t a t e  p a r t i c l e .  T h e  c a l c u ­
l a t e d  W o o d s - S a x o n  p o t e n t i a l  u s i n g  t h i s  r e l a t i v e  b i n d i n g  e n e r g y  m a y  n o t  h a v e  a  
w e l l  d e s c r i b e d  a s y m p t o t i c  b e h a v i o u r .
F u r t h e r  c a l c u l a t i o n s  u s i n g  t h e  f u l l  w a v e f u n c t i o n  c a l c u l a t e d  n u m e r i c a l l y  u s i n g  
t h e  W o o d s - S a x o n  p o t e n t i a l  p r o v i d e d  v e r y  g o o d  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  
d a t a .  T h e s e  c a l c u l a t i o n s  w e r e  p e r f o r m e d  u s i n g  a n  s - w a v e  v i r t u a l  g r o u n d  s t a t e  a n d  
a  d - w a v e  r e s o n a n c e  a t  2  M e V  ( a s  p r e v i o u s l y  m e a s u r e d  [ O s t 9 2 ] )  a n d  w i t h  a n  a d ­
d i t i o n a l  p - w a v e  r e s o n a n c e ,  a t  t h e  s a m e  e n e r g y  a s  t h e  g r o u n d  s t a t e ,  a s  s p e c u l a t e d  
b y  L a b i c h e  [ L a b 9 9 b ] .  T h e  s - w a v e  c a l c u l a t i o n  a l o n e  i s  t o o  n a r r o w  t o  r e p r o d u c e  a l l  
o f  t h e  d a t a ,  h o w e v e r  i t  i s  e s s e n t i a l  t o  t h e  e x p l a n a t i o n  o f  t h e  n a r r o w  c o m p o n e n t .  
T h e  w i d e r  c o m p o n e n t  i s  c o n s i s t e n t  w i t h  a  d - w a v e  c o m p o n e n t ,  a n d  a d d i t i o n a l  
c o n t r i b u t i o n s  f r o m  a  p - w a v e  c o m p o n e n t  c a n n o t  b e  e x c l u d e d .  T h e s e  v a r i o u s  c a l ­
c u l a t i o n s  c o r r e s p o n d  t o  n e u t r o n  s t r i p p i n g  f r o m  d i f f e r e n t  c o m p o n e n t s  o f  t h e  14B e  
g r o u n d  s t a t e ,  p r i n c i p a l l y  a ( s i  ) 2 a n d  a ( d | ) 2 .
T h e  a n g u l a r  d i s t r i b u t i o n  o f  n e u t r o n s  i n  t h e  r e s t  f r a m e  o f  t h e  13  B e  p a r t i c l e  
s h o w  t h a t  t h e  b r e a k u p  i s  e s s e n t i a l l y  i s o t r o p i c .  T h e  d a t a  w a s  d i v i d e d  i n t o  e n e r g y  
b i n s  a n d  t h e  a n g u l a r  d i s t r i b u t i o n  f o r  e a c h  b i n  w a s  p r o j e c t e d  o u t .  T h e  f i r s t  t w o  
e n e r g y  b i n s  s h o w  a  s i g n i f i c a n t  a s y m m e t r y  w h i c h  i s  a l s o  p r e s e n t  t o  a  l e s s e r  d e g r e e  
i n  t h e  t h i r d  b i n .  T h i s  i s  t e n t a t i v e l y  i n t e r p r e t e d  a s  t h e  i n t e r f e r e n c e  o f  s t a t e s  w h i c h
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a r e  c l o s e  i n  e n e r g y  b u t  o f  o p p o s i t e  p a r i t y .  T h e  o n l y  n e g a t i v e  p a r i t y  s t a t e  w h i c h
i s  e x p e c t e d  a t  l o w  e n e r g i e s  i s  p i .  T h e  a s y m m e t r y  i s  i n d i c a t i v e  o f  a  s t r u c t u r e
c o m p r i s i n g  o f  b o t h  a n  s i  v i r t u a l  s t a t e  a n d  a  p i  r e s o n a n c e  b e l o w  t h e  d s  r e s o n a n c e2 2 2
a t  2  M e V .
F u r t h e r  t h e o r e t i c a l  s t u d y  o f  t h e  s t r u c t u r e  o f  b o t h  14B e  a n d  13B e  i s  c u r r e n t l y  i n  
p r o g r e s s  [T a rO O ]. T h i s  s t u d y  i n c l u d e s  t h e  m o d e l l i n g  o f  t h e  n e u t r o n  r e m o v a l  f r o m  
1 4 B e .  I t  i s  h o p e d  t h a t  t h i s  t h e o r e t i c a l  w o r k  w i l l  h e l p  i n  t h e  f u r t h e r  i n t e r p r e t a t i o n  
o f  t h e  e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  h e r e .
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